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EFFECT OF SODIUM CHLORIDE ON THE pH OF p-PHENOL- 
SULFONATE BUFFERS FROM 0° TO 60° C 


By Roger G. Bates and S. F. Acree 





ABSTRACT 


The electromotive forces developed between the hydrogen and silver chloride 
slectrodes of galvanic cells which contained 12 mixtures of potassium p-phenol- 
sulfonate, sodium hydroxide, and sodium chloride were measured from 0° to 60°C 
st intervals of 5 degrees. Sufficient alkali was used to neutralize half of the 
phenolsulfonate in each solution. The molal ratios of sodium hydroxide to sodium 
hloride were 10, 4, 2, and 1. The pH of each solution, and of six phenolsulfonate 
buffers without sodium chloride, was determined. Equations are given to 
represent the change of pH at each of th 13 temperatures with molality of sodium 
hloride. It is shown that the ionic strength and pH of unknowns may be 
obtained approximately, and the usual salt errors largely eliminated, from emf 
measurements on two portions of the unknown solution to which different amounts 
of sodium chloride have been added. 





CONTENTS 

Page 
|, TRG sas a eer ee, oe we SUS Ee 131 
II. Experimental procedure and the calculation of pH.-...........----- 132 
Til, Rquations Ger, 0 GAit GUOWGs . 6c nin cin nindce i inn acnies scige ncsenedee 136 
TY..." BeOS Rts SOUNNNOO ECR aS ah 138 

V. Estimation of the ionic strength and pH of unknown mixtures of 
potassium p-phenolsulfonate and sodium hydroxide.............--- 140 
V1, Thai SS SIU Sr Re 3 2k cde 143 


I. INTRODUCTION 


Buffers composed of potassium p-phenolsulfonate and sodium 
ydroxide are satisfactory for the control of alkalinity and for the 
ilibration of pH equipment in the slightly alkaline region between 
DH 8.5 and pH 9.0 [1].!. Potassium phenolsulfonate is easily purified, 
anhydrous and nonhygroscopic [2], and its aqueous solutions are 
stable rs 0° to 60° C when reasonable protection from strong light 
provided. 

Cells with hydrogen and silver chloride electrodes were used in the 
letermination of the second dissociation constant of p-phenolsulfonic 
id and the pH values of phenolsulfonate-chloride mixtures [1]. 
he cells contained known concentrations both of the buffer salts 
td of sodium chloride. 


‘Figures in brackets indicate the literature references at the end of this paper. 
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In the list of provisional pH standards given in an earlier publica. 
tion [3], the pH values of buffers containing chloride were reported, 
These buffer solutions can therefore be used in hydrogen-silye. 
chloride cells without liquid junction, as well as in cells which involy 
a liquid junction and calomel electrode. In most practical work 
however, sodium chloride serves no useful purpose in a standar 
buffer solution apart from its small influence on the pH value and 
from the usually negligible increase in precision of the emf measure. 
ment which results from the increased conductance of the mixture. 
The effect of the salt upon the buffer capacity, stability, and othe 
desirable properties of the solution is so small as to be without sig. 
nificance. If the influence of the sodium chloride upon the activity 
coefficients and pH values of the buffers were known, the inconvenience 
of adding chloride to buffers prepared as calibration standards could 
be avoided. 

The effect of neutral salts upon the behavior of buffer solutions js 
of further interest in its bearing on the spectral properties of mix. 
tures which contain tautomeric ions in homogeneous equilibrium. |t 
has been shown [2] that phenolsulfonate buffers have characteristic 
absorption bands in the ultraviolet region of the spectrum similar to 
those of indicator ions and molecules in the visible region. Further- 
more, studies of the effect of salts on the absorptive properties of 
indicator ions and molecules suggest that the activity coefficients of 
these tautomeric ions change normally with increase of ionic strength 
up to about 0.5, but specific salt effects larger than the experimental 
errors are observed if the indicator is dissolved in solutions which are 
0.5 to 2 M with respect to various salts [4, 5]. 

This paper reports a study of 12 equimolal mixtures of potassium 
p-phenolsulfonate and potassium sodium p-phenolate sulfonate with 
4 different molal ratios of sodium chloride to buffer salt at 5-degree 
intervals from 0° to 60° C. Electromotive-force measurements were 
made at the 13 temperatures, and the pH values were calculated. 
The influence of sodium chloride on the pH was shown to be a “normal 
salt effect.” Equations were formulated to express the observed 
change of pH with molality of sodium chloride, and the calculated 
pH values of p-phenolsulfonate buffers without sodium chloride are 
given. Estimation of the ionic strength of a mixture of potassium 
p-phenolsulfonate and sodium hydroxide from the change in eni 
which results on the addition of sodium chloride to the buffer and 
application of the method to unknowns are discussed. 


II. EXPERIMENTAL PROCEDURE AND THE 
CALCULATION OF pH 


_ The purification and analysis of potassium p-phenolsulfonate and 
sodium chloride, the preparation and standardization of a carbonate 
free solution of sodium hydroxide, the preparation of the buffer solt- 
tions from these materials and conductivity water in an atmosphere 
freed of carbon dioxide, and other details of the experimental technique 

have been described [1, 6]. 
The emf values given in table 1 have been corrected in the usutl 
way to a partial pressure of hydrogen of 760mm. The four solutions’ 
2 The buffers of series A are, respectively, solutions Al, A2, A4, and A6 prepared in the earlier study 


phenolsulfonate-chloride mixtures [1]. As before, HPs will be written for the univalent phenolsulfonst 
anion, HOCsH,8O;-, and Ps for the bivalent phenolate-sulfonate anion, OCsH,SO;-. 
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lice. HMB of series A contain approximately the same molal concentration of 
rted, Msodium chloride, ms, as of potassium p-phenolsulfonate (KHPs), m,, 
lver- Hand of potassium sodium p-phenolatesulfonate (KNaPs), m2, whereas 
olve MM series B, C, and D comprise solutions which have, respectively, one- 
york, MMhalf, one-quarter, and one-tenth as much sodium chloride as buffer 
dard Halt. The molalities of each constituent are given in columns 2, 3, 
and Mand 4 of table 1. 

sure- 

ture, ME Taste 1—Electromotive forces of hydrogen—silver-chloride cells containing mixtures 


other of potassium p-phenolsulfonate (m;), potassium sodium p-phenolate sulfonate (mg). 
and sodium chloride (ms) 
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Oi, dna tg i a 05979 | ..06051 05975 | .79900| .80295| .80674| .81048| .81418 
(ce oe 03070 | .03107 | .03068 | .81578 | .82003| .82419! | 82830 | | 83235 
NS is MEA4....-.-......._-._.] .009425 | .009539 | .009419} .84605| .85091 | .85570 | .86040| .86502 
ee .10376 | .09751 | .04951 | .80171 | .80555| .g0928 | .s1302| .81672 
I cia nia dascadl 04853 | .04561 | .02316 | .82037| .82464| .82883 | .83204| .83705 
“ist B3.......---------------| .017932 | .016851 | .008556 | .84581 | .85057| .85521 | |85080| | 86451 
“| ne 09736 | .09753 | .02549 | .81894| .82308| .82714| .83117| .83520 
h ES ate ea 04058 | .04065 | .010626] .84046| .84513 | .84969| |85417| . 85868 
ther. “wan Ee terse: 09736 | .09753 | .010051 | .84090| .84545| .84901] .95434| . 85876 
a. Sheeran cre 04504 | .04682 | .004743 | .85945| .86440| .86920| 87410 | .87893 
actin jekcacwenesnewibes . 019838 | .019872 | .002048 | . 88062 | .88601 | .89130| 89658 | .90190 
noth 
g Ex Ey Ex Ewe Eye Ew Ese Ew? 
ental 
ee ae 0.80500 | 0.80839 | 0.81160 | 0.81506 | 0.81833 | 0.82159 | 0.82482 | 0. 82808 
| ee a4 81793 | .82157 | .82517 | .82878| .83229| .83583| .83930| .84278 
i ST RRR outa . 83644 | .84046 | 84441 | .84839 | .85224| .95613 | 185903 | . 86376 
SIUM BPAY... 86079 | .87434 | .87888 | . 88343 | . 88789 | . 89234] . 89664 | . 90104 
<. Cee .82042 | .92404 | .82764 | .93120] .93475| . 93827] .84175| .84594 
PN iiss 200A tpenns 84116 | .84525 | .84916 | .85317| .85708| .96097| .86485| .86874 
Were BEDEnrrrrcenceeeceeeeee ee 86923 | .87385 | .87824 | .88278| .88717| .80164| .89500| .90015 
CI chk stecnsougiwacinens . 83926 | .84323 | .84709 | .85102| .85489| .85875 | .96255 | . 86636 
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The pH values of the mixtures of p-phenolsulfonate, p-phenolate 
sulfonate, and chloride salts can be computed readily from the equa- 


tion? 
pH=(E—E®)/k+ log me—Ayu/(1+- Baru) + Bp, (1) 
provided that the parameters a, and 6 have been determined. It is 
possible to find the necessary values of a, from the change of the next 
to the last term of eq 1 with ionic strength. This change is observed 
ost simply by plotting pK;, the negative of the common logarithm 
of the “apparent” second dissociation constant of phenolsulfonic acid, 
isa function of ionic strength, where pK; is given by 


pK, = (E— E°)/k+log (mupsmci/mp,) +2AVu/(1+Baryp). (2) 


‘E and E° represent the emf and standard Fo pm of the cell which contains hydrogen and silver 
lloride electrodes, and k is 2.3026RT/F. .A and B are constants of the Debye-Hiickel equation. A recal- 
usual lation of A, B, and k was recently reported [7]. No change was made in the value of k between 0° and 
bh ' i” C, and E° therefore remains unaltered. A new a curve computed from the emf data of 
1008 Hamed and Ehlers |8) (from which E° is derived) would, however, show a slightly different slope, as a 
‘sult of the small changes that were made in the values of A and B. 

study o The ionic strength, yu, is given by m:+3m2+m3—mon. The calculation of mon from the dissociation con- 
ul fonale ants of water and of the phenol group was made as described in the earlier paper [1]. 


» and 
nate- 
solu- 
phere 
nique 
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The proper value of a; gives a straight-line plot of pK, with respec 
to ionic strength. This straight line extrapolates to pKo, the negative 
of the common logarithm of the thermodynamic dissociation constant, 
at an ionic strength of zero. Since pK; and pK; are then both known, 
8 is readily obtained from the equation 


B= (pK,—pK;)/u. (3) 


A value of 8.0 A for a, was found to yield pK; values that varied 
linearly with ionic strength for each series of solutions at all 13 ten. 
peratures. Extrapolation of these lines to zero ionic strength yielded, 
within the error of the experiments, the same values of pK» as wer 
obtained in the detailed study of 39 solutions with 2 different buffer 
ratios [1]. 

The plots of pK; as a function of ionic strength for the four serie 
of buffers at 0°, 25°, and 60° C are shown in figure 1. A correction 
for a bean was made [1]. The values of 3A, 8B, and 8 are listed 
in table 2. 
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Ficure 1.—Plot of pK2! (eq 2) as a function of ionic strength at 0°, 25°, and 60° ¢. 
O=series A; O=series B; @=series C; ©=series D 
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TABLE 2.—Numerical values of 3A, 8B, and 8 from 0° to 60° C 
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—8 for series 
t 3A 8B 
A B C and D 
°C 
0 1. 467 2. 602 0.079 0.094 0. 100 
5 1. 478 2. 609 .075 . 087 . 092 
10 1. 490 2. 616 . 069 .077 . 082 
15 1. 503 2. 623 . 066 . 074 . 078 
20 1. 516 | 2. 631 . 061 . 069 .071 
25 1. 529 2. 638 . 057 . 063 . 066 
30 1, 544 2. 647 . 052 . 057 . 061 
35 1. 559 2. 656 . 049 . 053 . 053 
40 1, 575 2. 664 . 046 . 051 . 051 
45 1. 591 2. 674 . 042 . 047 . 047 
50 1. 607 2. 682 . 040 . 045 . 045 
55 1. 625 2. 693 . 040 . 045 . 045 
60 1, 643 2. 702 . 038 . 043 . 043 








The pH of each mixture is given in table 3. 
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These values were 


computed from eq 1 with the use of 8.0 A for a; and the values of 8 


given in table 2. 


The error in establishing a, is estimated to be about 


+0.2 A, and the uncertainty in pH from this source is somewhat less 


than 0.002 unit. 


7 


TaBLE 3.—pH values of mixtures of potassium p-phenolsulfonate (m;), potassium 


sodium p-phenolate sulfonate (mz), and.sodium chloride (ms) 





— 


———> 
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60° C; 




















pH at— 
Solution number m ms ™s 

0° 5° 10° 15° 20° 
0.09628 | 0.09744 | 0.09622 8.992 | 8.923 | 8.857} 8.795 8. 738 
. 05979 . 06051 . 05975 9.024 | 8.956] 8.889) 8.828 8.770 
. 03070 . 03107 . 03068 9. 072 9. 003 8. 937 8. 876 8. 818 
. 009425 | .009539 | .009419 | 9.154] 9.085 | 9.025) 8.959 8. 901 
. 10376 . 09751 . 04951 8.967 | 8.897 | 8.831 | 8.769 8. 711 
. 04853 . 04561 . 02316 9.022 | 8.951 | 8.885 | 8823 8. 765 
. 017932 | .016851 | .008556 | 9.093 | 9.023) 8.955) 8.800 8. 837 
. 09736 . 09753 . 02549 8.998 | 8.928; 8.862; 8.800 8. 743 
. 04058 . 04065 . 010626 | 9.059 | 8.990} 8.924) 8.861 8. 805 
. 09736 . 09753 .010051 | 9.004] 8.933 8.867] 8.805 8. 747 
. 04594 . 04682 . 04743 9.056 | 8.986 | 8.920) 8.856 8. 800 
. 019838 | .019872 |} .002048 | 9.113 | 9.042 8.976) 8.914 8. 857 

pH at— 

25° 30° 35° 40° 45° 50° 55° 60° 
8. 682 8. 633 8.585 | 8.542) 8.502; 8464) 8.427 8. 395 
8.715 8. 665 8.618 | 8.575 | 8.535 | 8.498] 8.461 8. 429 
8. 763 8. 713 8.667 | 8.624] 8.584) 8.547] 8.511 8. 479 
8. 848 8. 797 8.751 | 8.709 | 8.669) 8.692) 8.505 8. 564 
8. 656 8. 606 8.559 | 8.514 | 8.475 | 8.437) 8.400 8. 368 
8. 709 8. 660 8.612 | 8.568 | 8.527 | 8.490 | 8.454 8. 422 
8. 783 8. 735 8.686 | 8.643 | 8.601 | 8.567 | 8.531 8. 495 
8. 689 8. 638 8.591 | 8.547] 8.509) 8.470; 8.433 8. 401 
8. 750 8. 700 8.653 | 8.609 | 8.570 | 8533 | 8.498 8. 466 
8. 692 8. 642 8.504} 8.550) 8.511 | 8.472| 8.436 8. 404 
8.744 8. 694 8.647 | 8.602] 8.564; 8.527) 8.490 8. 456 
8, 804 8. 754 8.706 | 8.658 | 8.621 | 8.582) 8.546 8. 510 
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III. EQUATIONS FOR THE SALT EFFECT 


The negative of the logarithm of the mean activity coefficient ¢ 


acme acid (f.=+fafc:) in each series of p-phenolsulfonate. 
loride mixtures is expressed by 


i. ee 
1+8Byu 


where f represents the activity coefficient on the molal scale. The fir 
term on the right of eq 4 has been found to remain unaltered by , 
change in molal ratio of chloride to p-phenolsulfonate, at constant 
ionic strength. Under these conditions, then, the change in activity 
coefficient of hydrochloric acid is described completely by the change in 
8. Furthermore, this situation may be assumed to persist in the limit 
of pure buffer, that is, when a negligible concentration of sodium 
chloride remains. If the mean activity coefficient of hydrochloric 
acid in the absence of sodium chloride is f2, and the corresponding 
limit of 8 is B°, it follows that 


log f.. =log f2 + (6—B°)x, (5 


for any given ionic strength. Within the estimated error of 0.002, 
8 varies linearly with the fractional contribution of chloride ion to the 
total ionic strength of the mixture, m;/2u=r. If, then, B—fB°=a’r, we 
have, from eq 5, 





—log f.= Bu, (4 


log(f./f2)=a'ru=am,, (6) 


where a’=2a. The “activity deviations”, log (f./f2), of these mix- 
tures are, therefore, a linear function of the molality of sodium chloride 
at constant total ionic strength. Equation 6 is similar in form to 
equations that express the linear variation of the logarithm of the 
activity coefficient of hydrochloric acid with molality of acid in 
chloride mixtures of constant ionic strength, as found by Harned [9] 
and by Giintelberg [10].‘ 

For the solutions considered here, r varies between 0.01 and 0.1. 
At 25° C, a’ is found to be 0.106. The activity deviations have been 
computed from eq 6 for four values of r at four ionic strengths. These 
deviations are given in table 4. 

Since the changing ratio of chloride to p-phenolsulfonate in the four 
series of solutions appears not to effect a corresponding change in 4, 
the pH values of all of these mixtures can be computed from a single 
equation, derived from the law of mass action: 


pH=pK,—log (mup,/mps) —3Ay u/(1+8By u). (7 


It is evident, therefore, that the effect of salt on the pH values 0 





‘4 The linear variation is a consequence of the principle of specific or abnormal salt effects discussed by 
Acree [11] and coworkers, or specific ionic interaction, as stated by Brénsted [12]. The original Brénsted 
formulation split the activity coefficient of an ion in a mixture of two electrolytes in dilute aqueous solution 
into the product of “interaction coefficients” and “salting-out coefficients.’ Only first-order inter 
actions were considered, and it was assumed that ions are uniformly influenced by ions of like charge #' 
result of the strong repulsive forces between them. Scatchard and Prentiss [13] extended Brénsted’s trest- 
ment to include ionic interactions of higher orders. Their experimental work offers extensive cl 
firmation of the basic postulates of the theory. If higher terms are taken into account, the individual thermo 
dynamic properties need no longer vary linearly with composition, although the departure from linearity 
small. Small deviations from the results predicted by the theory may, however, indicate the necessity 
eonsidering specific effects between ions of like sign, as Harned [9] has shown. 
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TapLE 4.—Activity deviations in mixtures of constant total ionic strength at 26° C 
computed from eq 6 


If Ifa is the ratio of the mean activity coefficient of hydrochloric acid in a mixture of phenolsulfonate 
buffer and sodium chloride to the activity coefficient in the pure buffer at the same ionic strength. r is 
the fractional contribution of chloride ion to the ionic strength. a’ is 0.106 at 25° C.j 




















f log (f/f) r | log (fa/fa) 

p=0.05 p=0.25 

0.01 0. 0001 0.01 0. 0003 

. 025 . 0001 . 025 . 0007 

05 . 0003 . 05 . 0013 

.10 . 0005 .10 . 0027 
p=0.10 »=0.50 

0.01 0. 0001 0.01 0. 0005 

. 025 . 0003 . 025 . 0013 

. 05 . 0005 . 05 . 0027 

.10 . 0011 .10 . 0053 























these buffers in the range of concentrations studied in this investiga- 
tion is satisfactorily accounted for solely by the change in ionic 
strength (and activity coefficients) attendant upon the addition of a 
third ionized component to the buffer. Abnormal or specific effects 
of the sodium and chloride ions appear to be absent. The pH of a 
mixture that contains sodium chloride is, therefore, the same as that 
of a more concentrated buffer of the same ionic strength and buffer 
ratio to which no salt has been added. This type of behavior might 
well be termed the normal salt Ge On the other hand, a change of 
a, (and of pH) with a change of the ratio of sodium chloride to buffer 
at constant ionic strength would seem to indicate abnormal or specific 
interactions among the ions. 

Equations of the form of eq 7 can be combined by subtraction to 
represent the pH of a buffer that contains sodium chloride in terms 
of the value, pH°, for the same buffer in the absence of sodium chlo- 
ride. Since the first two terms on the right of eq 7 do not change 
with addition of salt,® the following expression is obtained: 


Vvuo+m Vue 

bi ° afte in. 5 lS Lee: cA aris. alae otal te 

where »° is the ionic strength of the buffer without sodium chloride, 
mis the molality of sodium chloride, and ¢ (m) represents that part 
of eq 8 inclosed in brackets. 

The quantity ¢(m) was evaluated for six buffer solutions in which 
the molalities of p-phenolsulfonate and p-phenolate-sulfonate ions were 
both 0.01, 0.02, 0.04, 0.05, 0.075, and 0.1. Plots of ¢(m) with respect 
to m rea that ¢(m) could be represented satisfactorily by am+ 
bm’. The numerical values of a and b were then obtained by the 
method of least squares and are given in table 5. The following equa- 
tion permits a calculation of the pH values of these six buffers from 
0° to 60° C with a mean deviation of less than 0.001 unit when the 

'The salt effect on the hydrolysis of the Ps= ion is so small at all temperatures from 0° to 60° © that the 


second term on the right of eq 7 is altered by less than 0.001 pH unit by the addition of 0.1 mole of sodium 
chloride to a liter of any buffer more concentrated than 0.01 m. 


576411—44 2 
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molality of sodium chloride, m, is equal to, or less than, the molality 


of the buffer: 
pH=pH°—3A(am-+bm?). 0) 


The values of 3A are given in table 2, and pH° is found in table 4, 
The change of pH of the six buffer solutions at 25° C with concentr. 
tion of sodium chloride is shown in figure 2.° 








8.84 


8.80 


pH 


8.76 


8.72 


8.68 











l { l i 
0.02 0.04 0.06 0.08 0.10 


MOLALITY OF SODIUM CHLORIDE 
Figure 2.—Effect of sodium chloride on the pH values of siz phenolsulfonate buffer 
at 25° C. 
Curves A, B, C, D, E, and F represent 0.01, 0.02, 0.04. 0.05, 0.075, and 0.1 molal buffers, respectively. 


TABLE 5.—Constants of equation 9 




















Molality of ai Molality of - 
buffer ” b | buffer a b 
0.01 0. 961 4.00 0.05 0. 243 0. 53 
. 02 . 554 1.75 - 075 . 167 . 38 
04 . 306 0.78 iy | - 100 .00 




















IV. STANDARD BUFFER SOLUTIONS 


The pH values, pH°, of potassium p-phenolsulfonate solutions in 
which the phenol group is half neutralized with sodium hydroxide and 
which contain no sodium chloride are listed in table 6 for 13 tempera- 
tures from 0° to 60° C. These values were calculated by eq 7 with 
the use of the second dissociation constant of p-phenolsulfonic acid 
as determined earlier by Bates, Siegel, and Acree [1] and confirmed by 
the measurements reported in this paper. The compositions of the 
six buffer solutions are given in table 7. The approximate specific 
gravities required for the computation of the total volumes of the 
solutions were estimated from the values for solutions of potassium 
sulfate and of potassium tartrate. The change of pH with temperature 
for four of these buffers without sodium chloride is shown in figure 3. 

* There is no justification from these experiments for the use of eq 7 and 9 for the calculation of the pli of 
a buffer-chloride mixture in which the molality of sodium chloride exceeds that of the buffer. It is likely, 
however, that the linear relationship of eq 6 is valid at somewhat higher values of r than those actually used. 


These ——— have accordingly been employed to compute the pH for molalities of sodium chloride up” 
one-tenth, as shown in figure 2. 
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FicuRE 3.—pH of four phenolsulfonate buffers plotted as a function of temperature. 


The buffer ratio is unity in each case, and m is the molality of potassium p-phenolsulfonate and of potassium 
sodium p-phenolate sulfonate. 















TaBLE 6.—pH values of six phenolsulfonate buffers without sodium chloride from 















































0° to 60° C 
pH° for— 
uffers t 
0.01m 0.02m | 0.04m | 0.05m | 0.075m | 0.1m 
; buffer buffer buffer buffer buffer buffer 
ely. 
°0 
0 9. 159 9.113 9. 064 9.049 9.021 9.001 
5 9. 089 9.044 8. 995 8.979 8.951 8. 931 
10 9.024 8.978 8. 929 8.913 8. 885 8. 865 
15 8. 962 8. 916 8. 867 8.851 8.823 8. 803 
20 8. 905 8. 859 8.810 8.794 8.765 8.745 
25 8. 852 8. 805 8.756 8.740 8.711 8.691 
30 8. 802 8. 755 8. 705 8. 689 8. 660 8. 640 
35 8. 755 8. 708 8. 659 8. 643 8.613 8. 593 
40 8.713 8. 666 8.616 8. 600 8. 570 8. 550 
45 8. 673 8. 626 8. 575 8, 558 8. 529 8. 509 
50 8. 637 8. 588 8. 538 8. 521 8. 492 8. 472 
55 8. 601 8. 553 8. 502 8. 485 8. 455 8. 436 
60 8. 569 8. 521 8.470 8. 453 8. 423 8. 402 
iS 
nd if 
. TaBLE 7.—Compositions of six buffer standards of potassium p-phenolsulfonate 
era and sodium hydroxide 
with 
acid Molality of | Potassium p- | sodinm | Total vol- 
1 by buffer | Phenolsulfo- | nydroxide | Ue of solu- 
the 
cific 9 Moles ml 
the 0.01 4. 245 0.01 1,002 
. .02 8. 490 .02 1, 005 
um 04 16. 980 .04 1, 008 
ture -05 21. 23 .05 1,010 
.075 31. 84 .075 1, 012 
6 3. | 42. 45 wl 1, 015 




















iss | ~These buffers can be prepared conveniently by dissolving the 
up” i Specified weights of pure potassium p-phenolsulfonate in the proper 
Volume of a carbonate-free solution of sodium hydroxide and diluting 
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to a volume of 1,000 ml with freshly boiled water. A maximum erro; 
of slightly over 0.001 pH unit may result. Since the uncertainty jy 
the pH values themselves is about +0.003 unit, it is necessary only 
to adjust the total volume of the buffer solution to within about 20 nm] 
of the figures given in table 7. 

When an electrometric assembly with liquid junction is employed 
for the measurement of pH, errors can be minimized by calibration 
with buffers that have pH values approximately the same as those of 
the unknown mixtures, as pointed out in an earlier publication from 
this Bureau [3]. It is equally important that the solute species in the 
buffer chosen for the standardization of the electrode system be similar 
in concentration and type to those of which the solution of unknown 
pH is composed. In this way, the potential of the reference electrode 
(including the liquid junction) may safely be assumed to remain w- 
changed. Unfortunately, however, these precautions are insufficient 
to remove all sources of error, even at pH values below 9.5, where the 
sodium-ion error of the glass electrode is small. Specific properties 
of the ions alter the relation between emf and true pH in a manner 
that can only be established by detailed study of each solution, 
Measurements made in this way will accordingly be subject to residual 
uncertainties of 0.01 to 0.05 pH unit, 

It is suggested that p-phenolsulfonate buffers be used as standards 
for the calibration of pH equipment to be used in the range pH 8.0 
to 9.0. Phosphate buffers that have a pH of about 7.0 [6] can be 
used for unknowns up to pH 8.0, and borax solutions (pH about 9.2 
[3, 14]) can be employed successfully in the upper range of the phenol- 
sulfonate buffers and above. When the approximate total ion con- 
centration of the unknown solution can be estimated, the accuracy of 
the pH measurement can be increased somewhat by use of a standard 
buffer of approximately the same ionic strength. 























V. ESTIMATION OF THE IONIC STRENGTH AND pH OF 
UNKNOWN MIXTURES OF POTASSIUM p-PHENOLSUL- 
FONATE AND SODIUM HYDROXIDE 
With the use of eq 9 and the constants a and b given in table 5 it 

can be shown that the pH of the 0.01 m buffer is altered about six 
times as much as that of the 0.1 m buffer upon the addition of a given 
molal increment of sodium chloride. This dependence of the salt 
effect on the ionic strength of the buffer suggests the possibility of 
estimating the ionic strengths and pH values of mixtures of potassium 
p-phenolsulfonate and sodium hydroxide of unknown composition 
from the change of emf which results from the addition of sodium 
chloride. 

If sodium chloride is added to two portions of the unknown buffer 
in such amounts that the molality of this salt in solution 1 is mo, and 
that in solution 2 is mc: +Am, and these two solutions are made the 
electrolytes of cells which contain hydrogen and _siiver chloride 
electrodes, the pH values of the solutions are given by 


pH, =(E,— E°)/k-Hlog me:—A¥ mi] (1+8By ms) + Bm, (10) 
and 


pH, =(E,—E®)/k+log (me,+Am) —Ay n+ Am/(1+8B-y 4+ dm) 
+B(u;+Am). (11) 
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= beignets of eq 11 from eq 10 gives an expression for the difference 
y in ol pad: 





™m 
« pH, — PHy= (Z,— E) /k-+log | + 
Am vay 
ved Al Vintdm -|- A . 12 
om 14+8Byumtdm 14+8By un e.ON 
@ of 


ee Furthermore, the pH of each solution can be expressed by eq 7, and 
the the pH difference becomes 


vila A ua 
ie oi—pH—a4)_ Vata ay 


ode 
ut Msince the salt effect on the buffer ratio is negligible (see footnote 5). 
lent #™ Equating the right-hand members of eq 12 and 13 yields an ex- 
‘the MM pression for the difference between the emf of the two cells: 

ties 

nner 


jon. B-B)k=2) ge pe }+e4m—tog wale 











dual 14+8Bym+Am 1+8BYn mert+ dm 
ards os i 
80 2g (Am)-+ Bam—log 7 Am? (14) 
* where @ (Am) represents the quantity in brackets in eq 12, 13, and 14. 
nol. ©The difference between the emf of the two cells which contain the 


con- seme buffer but different amounts of sodium chloride can be com- 
y ofqputed from eq 14 for values of 4, the ionic strength of the more 
jard a lute solution, between 0 and 0.5, the probable limits of validity of 
the equations for pH. When the approximate value of y»; has been 
ascertained, the approximate pH of the solution more dilute in 
OF Me ‘lloride can be computed. For simplicity, eq 10 can be rewritten 


pH, = (Z,—E°)/k+9¢(m), (15) 
5 it Where si 
b Six a AV im 
iven (m1) =log MoT BB Ja, | Pa (16) 


salt 


y CM The “total salt error,” the error in pH which results from con- 
‘ium sidering all activity coefficients equal to unity, is thus ¢(u,) —log me. 
tiot HA mean value of —0.06 can be employed for 6 at 25° C. Changes 
‘ium HM of buffer ratio and ratio of sodium chloride to buffer do not alter the 
value of a; and are without marked influence upon 8, as may be 
seen in table 2 of this paper and table 3 of the paper by Bates, Siegel, 
and Acree [1]. 

With the use of eq 14 and 16, calculations of E,— FE, and ¢(y) at 
25° C have been made for values of », from 0.02 to 0.50 when 
M=0.01, Am=0.09, and 8B=—0.06. The results are given in table 8. 
The conditions for the use of table 8 are met when the molalities of 
sdium chloride in solutions 1 and 2 are 0.01 and 0.1. The ionic 
strength of the original mixture is, then, n,—0.01. The weights of 
dium chloride which correspond to these molalities are, respectively, 
1.5845 g and 5.845 g for each 1,000 g of solvent. Chloride ion must 
tbviously be absent from the original buffer mixture or, if present 
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to the extent of not more than 0.01 mole per liter, its concentration 
rng rg and the necessary corrections applied to the quantity of 
salt added. 


TaBLe 8.—Values of E,—E, and (yu) at 25° C computed from eq 14 and 16 for 
various values of uy 


(mci=0.01; Am=0.09; B= —0.06] 












































pan m 
mi Ei\—E: (441) Mi | E\-E; | piu) a Fi—E: #$(u)) al 
ce 
mo mo mo 
0. 62 63. 28 —2.047 0. 22 59. 79 —2.113 0.42 59.38} -214 Me al 
04 62. 10 —2. 062 24 59. 67 —2. 116 44 59.32] —214 t 
. 06 61. 45 —2. 07: 26 59. 47 —2. 120 46 59.32) -215 fn 
. 08 60. 97 —2. 081 28 59. 61 —2. 123 . 48 59.26 | —2 147 Mi {IC 
.10 60. 74 —2, 087 . 30 59. 55 —2. 125 . 50 59.26 | 2.149 
12 60. 44 —2. 092 . 32 59. 49 —2. 128 c0 
.14 60. 26 —2.097 . 34 59. 44 —2. 130 if 
16 60. 09 —2. 102 . 36 59. 44 —2. 133 
18 59. 97 —2. 106 . 38 59. 38 —2. 136 0 
.20 59. 85 —2. 110 40 59. 38 —2. 138 de 











* The hydrogen-pressure correction to EZ; has been made by the addition of 0.007 to each of the values of 
@(u1) computed from eq 16. 
The ‘‘total salt error’’ for each solution of ionic strength mw: is given by ¢(u1)+2 (see eq 16). 


In eq 10 and 11, E represents the emf of the cell corrected as usual 
to a partial pressure of hydrogen of 760 mm. The normal barometric i 
pressure in many laboratories is in the vicinity of 760 mm, and the 
correction to the emf therefore corresponds, for dilute solutions, to an 
increase of 0.007 unit in pH at 25° C. The values of $(;) listed in 
table 8 include this correction to the pH, and it is intended that the 
value of E, used in eq 15 shall be the uncorrected emf. An error of 
not more than 0.006 in pH will result if the barometric pressure is 
between 740 and 780mm. _ A pressure correction is, of course, unneces- 
sary to obtain the difference of emf, H,— Fh, if the two cells are meas- 
ured at the same barometric pressure. 

When it is desired to obtain by this method the approximate pH 
of a solution containing unknown quantities of potassium p-phenol- 
sulfonate and sodium hydroxide, sodium chloride is added to two 
portions of the buffer in amounts which correspond to 0.01 and 0.19%) 
mole per liter of buffer. The potentials between hydrogen and silver fi i1; 
chloride electrodes in cells which contain the two buffer-chloride 
mixtures are measured at 25° C. The difference of emf is obtained 
and ¢(u,) found from table 8. The pH of the more dilute chloride 
solution (solution 1) is then computed from eq 15. The values of & 
and k are, respectively, 0.2224 and 0.05914. The pH of the original 
buffer is slightly higher than that of solution 1, but the difference is 
less than 0.014 unit if the buffer concentration is greater than 0.01. 

The substitution of molarity of chloride ion for molality, if neces 
sary, need cause little concern, if an estimate of the ionic strength 
alone is desired. In order that the last term of eq 14 shall remait 
equal to 1, it is necessary only to add 0.01 mole and 0.1 mole of sodium 
chloride to equal volumes ot the buffer solution. If this procedure 38 
followed, Am is no longer exactly 0.09. Changes that amount to less 
than 5 percent of Am, however, do not appreciably alter the emf 
differences listed in table 8. On the other hand, the pH of solution 
1 computed from eq 10:may be too low by more than 0.01 unit, if the 
concentration of chloride ion on the molar scale is used instead of the 
molality. When 0.01 mole of sodium chloride is added to a liter o 


(12) 
{13} 
[14] 
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~2. 14 
~2. 142 
~2. 145 
~2, 147 
~2. 149 
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0.1 m phenolsulfonate buffer, the concentration of chloride on the 
molar scale is from 4 to 5 percent lower than the molality, and an 
eror of about 0.02 pH unit will result. As the buffer concentration 
is lowered, the difference between the concentrations of chloride ion 
on the weight and volume scales, and consequently the error in pH, 
will be reduced. 

Only a rough estimate of the ionic strength is obtainable by the 
method outlined here, for the differences of emf, as shown in table 8, 
are insensitive to small changes of ionic strength when the buffer con- 
centration is high. Fortunately, the corresponding changes of ¢$(;) 
and of pH are small in this region, and an accurate estimate ot ionic 
strength is unnecessary for the calculation of pH at high concentra- 
tions by eq 15. The table also shows, however, that the pH value 
computed from eq 10 and 15 could be in error by 0.1 unit or more, 
if the contribution of the buffer to the total ionic strength were ignored 
completely. The ‘‘total salt error’? must be carefully considered in 
dealing with unknowns. ‘Tables similar to table 8 can be constructed 
for other buffer systems when the values of a; and 8 are available. 
This procedure should find application whenever it is desired to ascer- 
tain the approximate ionic strengths of buffer mixtures which vary 
in concentration but not in type. 
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THERMAL EXPANSION OF HIGH-SILICON CAST IRON 
By Peter Hidnert and George Dickson 





ABSTRACT 




















This paper gives data on the linear thermal expansion of high-silicon cast iron 
containing approximately 14 percent of silicon, with 3 percent of molybdenum 
and without appreciable molybdenum, at various temperatures between 20° and 
700° C. Differences between the coefficients of expansion of these high-silicon 
cast irons were found to be slight. Both high-silicon cast irons were found to 
have slightly higher coefficients of expansion than electrolytic iron for tempera- 
ture ranges between 20° and 300° C, and appreciably higher coefficients for 
higher temperature ranges. No indication of growth similar to that of ordinary 
cast iron was observed on heating the high-silicon cast iron to 700° C. 
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I, INTRODUCTION 


In 1938, discordant values (0.7107° and 0.36107> per degree 
Fahrenheit between 32° and 212° F) were reported by manufactur- 
ers [1] for the coefficient of linear thermal expansion of high-silicon 
cast iron containing 14.5 percent of silicon. The lower value was 
also reported [1]! for a 14.5-percent silicon cast iron containing 3 per- 
cent of molybdenum. The work reported in the present paper was 
undertaken in order to determine definitely the coefficients of expan- 
sion of high-silicon cast iron with 3 percent of molybdenum and with- 
out appreciable molybdenum, for various temperature ranges between 
20° and 700° C. 

Some of the uses of high-silicon cast iron are indicated in an anony- 
mous paper [2] and in a book by Greiner, Marsh, and Stoughton [3]. 
For example, high-silicon cast iron is used where resistance to hot 
concentrated sulfuric acid, copper sulfate solutions, or tin tetrachlo- 
nde is required. 

Hish-ellicos cast iron containing usually 14 to 16 percent of silicon 
and 1 percent or less of carbon is known [1, 3] by a variety of trade 
lames, such as Antaciron, Durichlor, Duriron, Elianite, Fersilite, 
lronac, Métillure, Tantiron, and Thermsilid. 


- 
‘Numbers in brackets indicate the literature references at the end of this paper. 
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II. MATERIAL INVESTIGATED 


Two annealed high-silicon cast irons obtained from the Duriron (Co, 
Inc., Dayton, Ohio, were used in this investigation. Table 1 gives th 
chemical composition of the samples. The diameter of sample 167 
was 11 mm, and the cross section of sample 1679 was 8 by 8 mn, 
Each sample was ground to a length of 300 mm with the ends cylip. 
drical (radius 150 mm). The samples could not be machined oy 
account of their brittleness. 


III. APPARATUS 


The precision micrometric thermal-expansion apparatus described 
by Souder and Hidnert [4] was used for the determinations of linear 
thermal expansion. Figure 4 of their publication indicates the method 
used in mounting the samples in the furnace. A platinum-osmium 
(about 6% percent of osmium) observation wire 0.002 inch in diameter 
was in contact with each end of the sample. 


IV. RESULTS AND DISCUSSION 


Figures 1 and 2 show the observations on the linear thermal expan- 
sion of the two high-silicon cast irons at various temperatures between 
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Figure 1.—Linear thermal expansion of high-silicon cast iron. 
Si, 14.7; Mn, 0.75; C, 0.41; 8, 0.015; P, 0.023; Mo, 0.05 percent. 
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90° and 700° C. In the first test of each cast iron, there was a diver- 
gence between the expansion and the contraction curve, but in the 





Co, ME second test these curves nearly coincided. 
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FigurE 2,—Linear thermal expansion of high-silicon cast iron containing molybdenun 


Si, 14.0; Mo, 3.0; Mn, 0.62; C, 0.91; 8, 0.011; P, 0.088 percent. 


Table 1 gives the coefficients of expansion and the coefficients of 
contraction that were obtained from the curves in figures 1 and 2. 
The maximum difference in all coefficients derived for any one tem- 
perature range was 0.410~° for sample 1678 and 0.3X10~* for sam- 
ple 1679. The differences in the composition of the high-silicon cast 
iron containing 3 percent of molybdenum and of a similar cast iron 
containing 0.05 percent of molybdenum appear to have slight effect 
on the linear thermal expansion. The last column of table 1 indicates 
the permanent changes in length which occurred as a resvlt of the 
heating and cooling in each test. 
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The average coefficient of expansion of the high-silicon cast iron 
(without appreciable molybdenum) for the range from 20° to 100° C 
ig in agreement with the higher of two values reported [1] in 1938. 
However, the average coefficient of expansion of the high-silicon cast 
iron (with 3 percent of molybdenum) for the temperature range from 
90° to 100° C is nearly twice the low value reported in the same 
publication. _ 

The coeflicients of expansion of the two high-silicon cast irons are 
greater than the coefficients of expansion of electrolytic iron * reported 
by Souder and Hidnert [6]. For temperature ranges between 20° 
and 300° C, the coefficients of expansion of these cast irons are slightly 
greater than the coefficients of expansion of electrolytic iron, and for 
higher temperature ranges the coefficients of the former are appre- 
ciably greater than the coefficients of the latter. 

The results shown in figures 1 and 2 revealed no indication of 
growth of the high-silicon cast irons on heating to 700° C, similar to 
that observed in the case of ordinary cast iron [6]. 
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ABSTRACT 


A simple method is described for determining the amount of aromatic hydro- 
carbons in a@ mixture of hydrocarbons, as in the gasoline fraction of petroleum. 
The mixture to be analyzed is filtered through a column of solid adsorbent. An 
aromatic-free filtrate is obtained which contains the paraffin, naphthene, or olefin 
hydrocarbon which was associated in the original solution with the quantity of 
aromatic hydrocarbon which has been adsorbed. The concentration of an aro- 
matic hydrocarbon in an unknown solution is determined by means of a calibration 
curve, established from experiments on known solutions which show the amount of 
aromatic-free filtrate produced by the standard adsorbent from solutions of various 
concentrations of the aromatic hydrocarbon. Results of experiments are given 
for several concentrations of eight binary solutions of an aromatic hydrocarbon 
with a paraffin or naphthene hydrocarbon and for three concentrations of a solu- 
tion consisting of an aromatic hydrocarbon with a paraffin and an olefin. These 
experiments show that, if the temperature is controlled to within 1° C, the amount 
of aromatic hydrocarbon can be determined with an accuracy corresponding to 
0.10 or less in the percentage by volume. A general procedure is given for deter- 
mining the aromatic hydrocarbons in a “straight-run”’ gasoline and in a gasoline 
containing olefins. 
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I. INTRODUCTION 


In this paper a simple and precise method is described for determin. 
ing the amount of aromatic hydrocarbons in a mixture of hydrocarbons 
as in the gasoline fraction of petroleum. The method involves the 
process of adsorption, and the analysis is performed without actually 
separating the aromatic hydrocarbons.’ 


II. GENERAL DESCRIPTION 


At a given temperature the amount of a given aromatic hydrocarbon 
selectively adsorbed by a “standard” quantity of a ‘‘standard”’ solid 
adsorbent, from a binary solution of the aromatic hydrocarbon with 
a given paraffin, naphthene, or olefin hydrocarbon, is a function of the 
concentration. When a solution containing aromatic, paraffinic, 
naphthenic, and olefinic hydrocarbons is filtered through a column of 
adsorbent, the resulting filtrate consists first of (a), material contain- 
ing no aromatic hydrocarbons, next of (b), a small amount of material 
intermediate in composition between (a) and the original solution, and 
finally (c), the original solution. The intermediate part is appor- 
tioned (see section IV) between (a) and (c), so that there may be 
determined the amount of aromatic-free * material which would have 
been obtained had the break between (a) and (c) been infinitely sharp, 
with no intermediate portion. The concentration of the aromatic 
hydrocarbon in an unknown solution is determined by means of a 
calibration curve, established from experiments on known solutions 
which show the amount of aromatic-free filtrate produced by the 
standard adsorbent from solutions of various concentrations of the 
aromatic hydrocarbon. 

When a solution of an aromatic hydrocarbon with a paraffin, 
naphthene, or an olefin hydrocarbon is filtered though a column of 
appropriate solid adsorbent, the first portion of solution comes in 
contact with successive layers of fresh adsorbent and its aromatic 
content is progressively reduced to zero. The first, or top, layer of 
adsorbent comes in contact with succeesive portions of solution having 
the initial concentration of aromatic hydrocarbon. This layer of 
adsorbent soon reaches a state of equilibrium between the aromatic 
hydrocarbon in the solution of the original concentration and the amount 
of the aromatic hydrocarbon adsorbed per unit quantity of adsorbent. 
As the solution progresses down the tube, successive layers of adsor- 
bent come in contact and into equilibrium with solution of the initial 
concentration, which solution fills the macroscopic interstices of the 
adsorbent. With continued introduction of solution at the top of 
the column, the “equilibrium” zone, in which the adsorbed aromatic 
hydrocarbon is in equilibrium with solution of the initial concentration, 
extends farther and farther down the tube, forcing the nonaromatic 
material ahead of it, with a rather sharp region of demarcation between 
the two zones. Finally the “equilibrium” zone will reach the bottom, 
or last, layer of adsorbent, and at this point, solution of the original 
' 3 Fora description of the methods used for separating substances by adsorption, see H. H. Strain, Chroms 
tographic Adsorption Analysis, (Interscience Publishers, Inc., New York, N. Y., 1942), and L. Zechmeistet 
and L. V. Cholnoky, Principles and Practices of Chromatography, John Wiley & Sons, Inc., New York, 
N. Y., 1942). With regard to the separation and recovery of aromatic hydrocarbons from petroleum by 
adsorption, see B. J. Mair and A. F. Forziati, J. Research NBS 82, 165 (1944) RP1583. 


4 As used in this paper, the term “‘aromatic-free”’ refers to the material actually free from aromatic hydro- 
carbons plus that part of the intermediate portion allocated to it. 
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composition will just begin to emerge as filtrate from the bottom of 
the column of adsorbent. 


III. APPARATUS AND MATERIAL 


An apparatus which may be used for this method of analysis is 
shown in figure 1.5 This apparatus is made of Pyrex glass and con- 
sists of the reservoir A; the main cylindrical section B, holding the 
bulk of the adsorbent; the filter tube section C, with the porous glass 
filter D for retaining the adsorbent; the stopcock E; and the graduated 
receiver F’, 

The dimensions of the various parts for three convenient sizes of 
the apparatus are shown in table 1. 


TaBLE 1.—Recommended dimensions and capacities for three sizes of the adsorption 
apparatus 














Adsorbent, mass of silica gel. -.......-- g_- 
Reservoir, volume 
Section Bijan diameter 


Recelverjongth 
raduations 




















A refractometer is required for measuring the refractive index 
(usually np) of the filtrate, as well as an apparatus for determining 
the density of the aromatic-free filtrate. The necessary precision in 
the measurement of refractive index is about 0.0001 and that in the 
measurement of density about 0.001 g/ml. 

Any suitably prepared solid adsorbent that selectivity adsorbs 
aromatic hydrocarbons may be used. In the experiments reported 
here, silica gel, 28 to 200 mesh in size, was used.’ It is important to 
store the adsorbent in a bottle having a tightly fitting screw cap. 
In weighing the adsorbent, a tolerance of 0.05 percent is satisfactory. 


IV. PROPERTIES INVOLVED 


The experimental quantity to be determined is the volume or the 
mass (obtained! by means of the density) of the aromatic-free filtrate. 
The volume of aromatic-free filtrate is determined from observations 
of the refractive index of the filtrate as a function of its volume. These 

‘In the experiments reported here, a simple adsorption tube without receiver was used, the gel was re- 
tained with a small plug of glass wool, and the filtrate fractions were collected in small bottles and measured 
in 8 graduated cylinder. For greater convenienc and possible increased precision; the apparatus shown 
in figure 1 is reeommended. 


‘When operating on fractions containing substantial quantities of very volatile components, such as iso- 
ntane, it would be desirable to provide the receiver with a refrigerated jacket extending above the capil- 


outlet. 
"Silica gel No. 659528-2000, Davison Chemical Corporation, Baltimore, Md. 
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Figure 1.—Apparatus for determining aromatic hydrocarbons by adsorption. 


A, Reservoir; B, mainf[cylindrical section; C, filter section; D, glass filter with large pores; E, stopcock 
with straight bore, 2 mm in diameter; F, graduated receiver. The dimensions given are those for the 
size holding 75 g of adsorbent. See table 1 for the other sizes. 
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observations will be similar to those shown in figure 2(A), where there 
appear two plateaus of the refractive index (that of the material con- 
taining no aromatic hydrocarbons and that of the original solution) 
separated by a very small intermediate portion which may be con- 
sidered as & mixture of these two. The intermediate portion is appro- 
priately divided between the two plateaus (assuming additivity of the 
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Fiagure 2.—Refractive index of the filtrate as a function of its volume. 
The scale of ordinates gives the refractive index, np of the filtrate, and the scale of abscissas gives the volume 


of the filtrate in milliliters. The upper plot, 2(A), refers to a solution containing toluene and n-heptane. 
The lower plot, 2(B), refers to a solution containing toluene, ‘‘diisobutylene,’’ and 2, 2,4-trimethylpentane. 

















refractive indices) in such a way as to show the volumes that would 
have been observed had the break between the two plateaus been 
infinitely sharp. Where it is desired to know the mass, the densit, 
of the portion containing no aromatic hydrocarbons is measured, 
and the mass computed from this and the measured volume, corrected 
by the appropriate amount of the intermediate portion. 
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V. EXPERIMENTAL PROCEDURE AND DATA 


A known et 6 of silica gel is placed in the adsorption tube 
(fig. 1), and packed with gentle tapping and it is retained on the 
porous glass filter. The solution, in whatever amount is required, 
is introduced into the reservoir at the top of the column. When the 
volume of filtrate desired for a fraction (about 5 ml near and at the 
break in the refractive index curve, if 75 g of gel is used) has collected 
in the receiver, the flow from the adsorption tube is interrupted by 
closing the stopcock, the volume in the receiver is measured, and js 
then withdrawn. The refractive index of each fraction collected in 
this manner is measured, and a plot is made of the refractive index as 


tT rT | T | T | T T T — 
A,o, toluene + 2,2,4- trimethyipentone 
A,0, toluene+ 2,2,4-trimethyipe: 
B,@, toluene+ n-heptone 

B',e, toluene + n-heptane 


B* ©, toluenes n-heptone at O° C 
C.p, toluene + methyicyciohexone 











r 








0,9, benzene +n-hexone 
E.e, benzene + 2,2,4 -trimethyipentone 





---Aond B 
F,, p-xylene + methyicycilohexone 








G,4, “diethy ” 4 2,2,4- trimethyipentane 





8 





H, 4, isopropyibenzene + n-nonane 
13, toluene + (solution of 5.1% “diisobutylene” ond 94.9% 2,2,4 - trimethyipentone) 
JX, toluene + (solution of 33.2% “diisobutylene” ond 66 8 % 2,2,4-trimethylpentone) 

















MOLES OF AROMATIC-FREE FILTRATE 







































100;7-— 
f-------— 
G 
J J 
a 
a — 
* 
0.0728 moles 
at O675mole froction 
° 7 rn 4 4 4 4 i 
° 0.05 010 015 0.20 025 0.30 035 


MOLE FRACTION OF AROMATIC HYDROCARBON 


FicurE 3.—Moles of aromatic-free filtrate as a function of the mole fraction of the 
aromatic hydrocarbon. 


The scale of ordinates gives the moles of aromatic-free filtrate, and the scale of abscissas gives the mole 
fraction of the aromatic hydrocarbon in the solution. The observations represented by the B’ and A’ 
were made with silica gel samples I-b and II, respectively, whereas all the other observations involving 
silica gel were made with sample i~a. The observation represented by the point B° was made with sample 
I-b at 0° C. See text for explanation. 


a function of the volume of filtrate. (See fig. 2, A). Where the mass 
is to be known, the density of the portion actually free from aromatic 
hydrocarbons is measured. The intermediate portion is propery 


* A somewhat different apparatus and modified procedure may be used to obtain a substantially cou 
tinuous record of refractive index and volume. In this case, in addition to the main receiver, an auxiliaty 
receiver with a known volume of about 0.3 ml is attached to the adsorption tube through a two-way stp 
cock. This auxiliary receiver is used to collect samples for refractive-index measurements. Readings of 
the total volume collected are made at the same time that samples are withdrawn for refractive-indet 
measurements. 
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| allocated (see section IV) to the two plateaus, and the total volume 
of aromatic-free filtrate recorded. This experiment is performed on 
the unknown solution and on enough solutions of known aromatic 
content to establish the calibration curve (see fig. 4), from which the 
aromatic content of the unknown may be determined. 
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FicurE 4.— Volume of aromatic-free filtrate as a function of the percentage of the aromatic hydrocarbon. 


The scale of ordinates gives the volume of aromatic-free filtrate in milliliters, and the scale of abscissas gives the 


ple 
With a given apparatus and quantity of gel, the time required for 


ss the filtration depends on the volume to be filtered, which will be 
i¢ @™ greater for the more dilute solutions. Practically all such filtrations 
ly @® can, however, be completed in from 1 to 4 hours. 

- To remove the used silica gel from the tube, it is first completely 
7 dried by passage of a stream of air and then poured out. 


The results of a number of experiments, plotted in three different 
ways, are shown in figures 3, 4, and 5, for one or more concentrations 
of the following solutions: 
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A, toluene + A A Pl A’, toluene + 2,2,4-tri- 
methylpentane; B, toluene + n-heptane; B’, toluene, + n-heptane; 
B°, toluene + n-heptane; C, toluene + methylcyclohexane; D, 
benzene + n-hexane; E, benzene + 2,2,4-trimethylpentane; F, 
p-xylene + preg” yy force 8 G, “diethylbenzene”’ + 2,2,4-tri- 
methylpentane; H, isopropylbenzene + n-nonane; I, toluene + 
(solution of 5.1 percent of “ grag eel and 94.9 percent of 2,2,4- 
trimethylpentane); J, toluene + (solution of 33.2 percent of ‘‘diisobu- 
tylene’”’ and 66.8 percent of 2,2,4-trimethylpentane). 


VI. DISCUSSION 
1. PRECISION AND SENSITIVITY OF THE METHOD 


The observations for solution A fall along the smooth curve marked 
A, and those for solutions B and C along the curves marked B and C, 
respectively. In these cases, none of the individual points deviates 
from their respective lines by an amount which would correspond to 
more than about 0.1 in the percentage of aromatic hydrocarbon in 
the mixture. 

The sensitivity of the method decreases with increasing aromatic 
content. At 5 and 20 percent, respectively, a change in the mass 
of aromatic filtrate of 1 g corresponds to changes of 0.06 and 0.66 in 
the percentage by volume of aromatic hydrocarbon. 


2. EFFECT OF CHANGE IN THE OPERATING TEMPERATURE 


With one exception, all the experiments were performed at the 
prevailing room temperature, which was recorded in each case and 
found to be within the range 23° to 28° C. To ascertain the effect 
of temperature on the analysis, one experiment was performed at 
0° C. The result for the single experiment at 0° C is marked B® in 
figures 3, 4, and 5, and is to be compared with the result of an experi- 
ment performed at 28° C on the same solution, marked B’ in figures 3, 
4,and 5. For this solution, which contained 15.23 percent by volume 
of toluene in n-heptane, the masses of aromatic-free filtrate obtained 
at 28° and 0° C were 47.73 and 53.48 g, respectively. If the tem- 
perature of the room stays within a range of about 5° C, the amount 
of aromatic-free filtrate obtained from this solution will be constant 
to within 0.46 g, which, for this concentration, corresponds to 0.25 
in the volume percentage of aromatic hydrocarbon. For many pur- 
poses, this precision will be sufficient, but for the highest precision of 
which the method is capable, control of the temperature to within 
1° C or better is necessary. 


3. USE OF DIFFERENT LOTS OF ADSORBENT 


Several samples of silica gel,® 28 to 200 mesh, were used. Samples 
I-a and I-b, although delivered to the laboratory at different times, 
were from the same manufactured lot. Sample II was from another 
manufactured lot. The observation represented by poimt B’ was 
made with sample I-b, whereas the observations for the rest of the B 
series were made with sample I-a. The point B’ falls on the curve 





‘No. 659528-2000. See footnote 7. 
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for the B series and shows that within the limits of these observations 
samples I-a and I-—b have identical adsorptive capacities. The 
observations represented by the points A’ were made with sample I], 
whereas the rest of the observations for the A series were made with 
sample I-a. The points A’ fall below the curve for the rest of the 4 
series and show that sample II has a lower adsorptive capacity than 
I-a or I-b. Since different manufactured lots appear to have some. 
what different adsorptive capacities, it is necessary to calibrate each 
different lot of adsorbent with observations on one or two solutions of 
known concentration. It would appear desirable also to check each 
lot occasionally in the same manner. 


4. VARIATION IN THE COMPOSITION OF THE PARAFFIN AND 
NAPHTHENE HYDROCARBONS IN THE SOLUTION 


When, as in figure 3, the amount of aromatic-free filtrate is expressed 
in moles and the aromatic content in mole fraction, the curves A and 
B coincide. These curves represent, respectively, the solutions of 
toluene plus 2,2,4-trimethylpentane and of toluene plus n-heptane. 
Also the point E, for the solution benzene plus 2,2,4-trimethylpentane, 
falls on the curve D, which is for solutions of benzene plus n-hexane, 
That is, the amount of aromatic-free filtrate, when expressed in moles 
(for a given aromatic content expressed in mole fractions) is sub- 
stantially independent of the particular paraffin which constitutes the 
nonaromatic portion of the solution. The curve C, in figure 3, for 
solutions of toluene plus methylcyclohexane, does not coincide with the 
curves A and B and shows the effect of changing the nonaromatic 
portion of the solution from a paraffin to a naphthene. 

In figure 4, the amount of aromatic-free filtrate is expressed in 
terms of its volume and the aromatic content in terms of its percentage 
by volume. When these quantities are expressed in this manner, the 
curves A, B, and D show that the volume of aromatic-free filtrate (for 
a given percentage of a given aromatic hydrocarbon) decreases as the 
molecular weight of the paraffin hydrocarbon in the solution decreases. 
Curve D was obtained with solutions of benzene in n-hexane, and some 
of the decrease in the amount of the aromatic-free filtrate obtained 
for this series results from the fact that benzene rather than toluene 
was used as the aromatic component. However, by a comparison of 
point E with curve A, the effect of substituting benzene for toluene 
can be estimated, and it can be seen that a curve for solutions of 
toluene in n-hexane would be approximately as much below B as A is 
above B. Curve C, when compared with curve B, shows the effect 
of changing the nonaromatic portion of the solution from a paraffin 
to a naphthene hydrocarbon having the same number of carbon atoms 
per molecule. It is apparent that the volume of aromatic-free filtrate 
is less (for a given percentage of a given aromatic hydrocarbon) when 
the nonaromatic portion of the solution is a naphthene instead of 4 
paraffin hydrocarbon having the same number of carbon atoms. 

In figure 5 the amount of aromatic-free filtrate is expressed in terms 
of its mass and the aromatic content in terms of its percentage by 
volume. Curves A, B, and D show that the amount of aromatic-free 
filtrate decreases as the molecular weight of the paraffin hydrocarbon 
in the solution decreases. Curve C is in this case closer to curve B 
and slightly above it. This means that the mass of aromatic-free 
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filtrate, for a given percentage of a given aromatic hydrocarbon, is, 
within certain limits, approximately independent of the relative 
amounts of naphthenes and paraffines. 


5. VARIATION IN THE COMPOSITION OF THE AROMATIC HYDRO- 
CARBONS IN THE SOLUTION 


The single observations on the solutions E, F, G, and H involve 
aromatic hydrocarbons other than toluene. The point E, involvin 
benzene, and the point F, involving “‘diethylbenzene,”’ (a mixture o 
isomers) should be compared with the curve A, since 2, 2,4-trimethyl- 
pentane was the nonaromatic constituent in these cases, while the 
point G, involving p-xylene, should be compared with the curve C, 
since methyleyclohexane was the nonaromatic constituent in this case. 
When the results are expressed as in figure 3, it is evident that the 
number of moles of aromatic-free filtrate varies with the molecular 
weight of the aromatic hydrocarbon involved. When the results are 
expressed as in figures 4 and 5, the variations in the mass (or volume) 
of aromatic-free filtrate, due to changes in the aromatic portion of the 
solution, are comparatively small, and do not depend much on the 
molecular weight of the aromatic hydrocarbon involved. 


6. EFFECT OF THE PRESENCE OF OLEFIN HYDROCARBONS 


The behavior of a solution in which the nonaromatic portion contains 
an olefin, as well as a paraffin (or naphthene) hydrocarbon, is shown in 
figure 2 (B). In this case three plateaus are observed. The first 
plateau represents material free of both olefin and aromatic, the second 
plateau represents material free of the aromatic hydrocarbon, and the 
third plateau the original solution. The results of observations on 
three solutions containing an olefin are shown in figures 3, 4, and 5. 
In the experiment represented by point G, the nonaromatic portion 
contains, by volume, 5.14 percent of ‘‘diisobutylene” and 94.86 per- 
cent of 2, 2,4-trimethylpentane. The line through the points J repre- 
sents solutions in which the nonaromatic portion contains, by volume, 
33.2 percent of ‘‘diisobutylene” and 66.8 percent by volume of 2, 2,4- 
trimethylpentane. A comparison of the point I and curve J with 
curve A shows that there is a decrease in the amount of aromatic-free 
filtrate as the proportion of olefin in the nonaromatic portion is in- 
creased. In the region from 5 to 10 percent of aromatic content the 
amount of aromatic-free filtrate is reduced by an amount which cor- 
responds to about 0.15 in the percentage of aromatics for each percent 
of olefin in the nonaromatic portion. 


VII. RECOMMENDED PROCEDURE FOR ANALYSIS 


1. KNOWN AROMATIC HYDROCARBON WITH PARAFFINS AND 
NAPHTHENES 


Owing to the decrease in sensitivity of the method when applied to 
material of high aromatic content (section VI-1), it is advisable, if the 
aromatic content is greater than about 20 percent, to dilute the solu- 
tion by a known amount (with pure paraffin or naphthene or paraffin- 
naphthene mixture) and to perform the analysis on the diluted mate- 
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rial, the concentration of which (in aromatic hydrocarbons) should 
preferably be in the range of 5 to 10 percent. 

For solutions of low aromatic content the volume of material which 
must be filtered becomes very large. For this reason, if the quantity 
of material is limited, or if time is an important consideration, it js 
advisable to increase the aromatic content of solutions containing less 
than about 1.5 percent of aromatic hydrocarbons by adding a definite 
quantity of a known aromatic hydrocarbon. The analysis is then 
performed on the enriched solution. 

After the aromatic content of the solution has been brought within 
the proper range, two filtration experiments are required to determing 
it accurately. 

In the first of these, the larger apparatus with 75 g of silica gel is 
used. The volume (and density, if necessary) of the aromatic-free 
filtrate is determined, and an approximate value for the aromatic con- 
tent is obtained, assuming a probable value for the molecular weight 
of the nonaromatic portion and using calibration curves similar to 
those given in figure 4 or 5, according to whether the volume or mass 
is being measured. A solution of this composition is then prepared, 
using the known aromatic hydrocarbon as one component and that 
portion of the filtrate actually free of aromatic hydrocarbon from the 
first experiment as the second component. In the second filtration 
experiment, which is performed with this solution, a smaller apparatus 
and the corresponding amount of silica gel is used. The volume or 
mass of aromatic-free filtrate is determined and converted to the 
quantity corresponding to 75 g of adsorbent. (The volume or mass 
of aromatic-free filtrate is directly proportional to the relative amounts 
of adsorbent used in the two experiments.) This quantity is now 
located on the calibration chart and a portion of a new calibration 
curve is drawn parallel to the others. With this curve and the volume 
or mass of aromatic-free filtrate obtained in the first experiment, there 
is determined accurately the percentage of aromatic hydrocarbons. 

With this procedure, the naphthene-paraffin portion and _ the 
aromatic portion of the solution used for calibration are identical with 
those portions in the original solution. The accuracy of the deter- 
mination is therefore the same as the precision, which, with suitable 
control of temperature, can be made very high, of the order of 0.10 
percent or better. 


2. KNOWN AROMATIC HYDROCARBON WITH PARAFFINS, 
NAPHTHENES, AND OLEFINS 


The olefin content of the unknown mixture is first determined by an 
independent method. As pointed out in section VI-6, the olefin 
content need be known only to within +1 percent by volume to obtain 
the aromatic content to within +0.15 percent. 

From this point on, the procedure is similar to that described in the 
preceding section, that is, two adsorption experiments are required. 
In the first of these, performed with 75 g of silica gel (or more if 
necessary) the volume or mass of aromatic-free filtrate is determined 
and an approximate value for the aromatic content obtained using 
calibration curves similar to those given in figures 4 and 5. The 
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solution to be used for calibration in the second experiment is prepared 
from that part of the filtrate from the first experiment which is free 
from both aromatic and olefin hydrocarbons, together with the 
amounts of the appropriate olefin and aromatic hydrocarbon required 
to give a solution of approximately the same composition as the 
original solution. From the results of the second experiment, a 
portion of a calibration curve is prepared, which, together with the 
results of the first experiment, can be used to ascertain accurately 
the aromatic content of the unknown. 

Some uncertainty will be introduced in this analysis if substantial 
quantities of diolefins, particularly conjugated ones, are present, 
because these substances are more strongly adsorbed than monoolefins 
and, further, may be polymerized by the action of silica gel. 


3. AROMATIC HYDROCARBONS IN THE “STRAIGHT-RUN” GASO- 
LINE FRACTION OF PETROLEUM 


The gasoline is first separated by distillation into three fractions, 
the first of which contains substantially all the benzene, the second 
all the toluene, and the third the higher-boiling aromatic hydrocarbons. 

Each fraction is then analyzed separately for its aromatic content. 
When analyses of this type are first instituted in a laboratory it is 
necessary to proceed in the manner described in section VII-1 
that is, to use the aromatic-free portion from each fraction, together 
with the corresponding aromatic hydrocarbon to prepare solutions to 
be used for calibration. After the analysis of several gasolines, it 
may be possible to construct a mean calibration curve for each of the 
three fractions. Since the molecular weight of each fraction will be 
substantially the same for material from various sources, and since 
the variation due to change in the relative amount of paraffin and 
naphthene will be much less than that represented by the pure hydro- 
carbons methyleyclohexane and n-heptane shown in figure 5, it is 
evident that deviations from the mean calibration curves will be 
rather small. 

If it is not required to know the amounts of the individual aromatic 
hydrocarbons, but only the total aromatic content, it is possible to 
operate on the entire gasoline fraction. In this case, the solution for 
calibration is prepared from the aromatic-free portion of the gasoline 
and a suitable aromatic hydrocarbon or mixture of aromatic hydro- 
carbons. Some uncertainty will be introduced into analyses per- 
formed in this manner so far as the aromatic hydrocarbon used in 
preparing the solution for calibration may not represent the aromatic 
composition of the unknown, but as already indicated (section VI, 5) 
the change in the position of the calibration curves (when volume or 
mass of aromatic-free filtrate is used) caused by substituting one 
aromatic hydrocarbon for another is not large. If the variation in 
the boiling-point range of the gasolines to be analyzed is not large 
(that is, if the mean molecular weights of the various gasolines are 
substantially the same), a mean calibration curve can be prepared for 
this fraction. 
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4. AROMATIC HYDROCARBONS IN A GASOLINE CONTAINING 
OLEFINS ‘ 


The gasoline is first separated by distillation into three fractions, 
First, the olefin content of each fraction is determined by an independ- 
ent method. When analyses of this type are first instituted in 
laboratory it is necessary to proceed as described in section VII-2, 
that is, to use the aromatic-free, olefin-free portions from each fraction, 
together with the corresponding aromatic and olefin hydrocarbons, to 
ab are solutions to be used for calibration. After the analyses of a 

cient number of gasolines, it may be possible to construct for each 
of the three fractions a series of calibration curves representing differ- 
ent olefin contents, and thereby make it unnecessary to perform a 
calibrating experiment for each determination. 


WasuineatTon, May 29, 1942. 
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SEPARATION AND RECOVERY OF AROMATIC HYDRO- 
CARBONS FROM PARAFFINS AND NAPHTHENES BY 
ADSORPTION ! ,; 


By Beveridge J. Mair and Alphonse F. Forziati? 


ABSTRACT 


A method is described for separating, by the process of adsorption, the aro- 
matic hydrocarbons from their mixture with paraffin and naphthene (cycloparaffin) 
hydrocarbons, as in the gasoline or kcrosine fractions of petroleum. The mix- 
ture is introduced into the top of a column containing an appropriate excess of 
solid adsorbent. A low-boiling paraffin hydrocarbon, such as pentane, butane, 
or propane, is then added in sufficient quantity to remove from the column the 
paraffin and naphthene hydrocarbons but not the aromatic hydrocarbons. The 
latter are then removed by adding an appropriate desorbing liquid, such as meth- 
anol. The paraffins, naphthenes, and pentane are thus obtained as a mixture 
from which the pentane is easily removed by distillation. The aromatic hydro- 
carbons are obtained as a mixture with pentane and methanol. The methanol 
is easily removed by extraction with water and the pentane by distillation. 

This method of separation was tested on a known mixture of 17 pure hydro- 
carbons, the normal boiling points of which covered a range from 60° to 174° C 
and included all of the 5 normal paraffins from n-hexane through n-decane, the 
isoparaffin 2-methylpentane, the 4 normal alkyl cyclohexanes from cyclohexane 
through n-propyleyclohexane, and all of the 7 possible aromatic hydrocarbons 
from benzene through isopropylbenzene. The separation of the aromatic hydro- 
carbons from the paraffins and naphthenes was quantitative-within the limits of 
measurement, and their recovery was complete within the normal operating loss 
of material in processing. 

Experimental determinations were made of the quantity of aromatic hydro- 
carbon adsorbed per unit quantity of adsorbent, for a number of different binary 
solutions of aromatic hydrocarbons with paraffins or naphthenes, at several con- 
centrations of the aromatic hydrocarbon, and with silica gel, carbon, magnesia, 
alumina, Filtrol, and Florisil as adsorbents. The results are displayed in the 
form of adsorption isotherms. 
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. Estimation of the amount of silica gel required for a given large-scale 
separation 
. Apparatus and material 
1. The adsorption tube 
2. The adsorbent 
3. The displacing liquid 
4. The desorbing liquid 
. Procedure 
. Experimental study 
1. Determination of the amount of pentane required to remove 
methyleyclohexane from silica gel 8 
. Recovery of methyleyclohexane-heptane mixture from silica gel_ 179 
. Determination of the amount of methanol required to remove 
toluene and “‘diethylbenzene”’ from silica gel 
. Recovery of toluene from silica gel 
. Separation and recovery of a known mixture of aromatic 
ydrocarbons from a known mixture of naphthenes and 
paraffins 
. Discussion of the separation of hydrocarbons by adsorption 
. References 


I, INTRODUCTION 


In this paper a method is described for separating, by the process 
of adsorption, the aromatic hydrocarbons from their mixture with 
paraffin and naphthene (cycloparaffin) hydrocarbovs, as in the gasoline 
and kerosine fractions of petroleum. The method of adsorption used 
for this purpose is essentially that devised by the Russian botanist 
M. Tswett [1] * and commonly known as the Tswett method or the 
chromatographic method. Previous applications of this method to 
the separation of aromatic hydrocarbons involved principally hydro- 
carbons of high molecular weight and of biological importance.’ 
While there are a number of reports on the use of the Tswett method 
in the field of petroleum chemistry [6, 7, 8, 9, 10, 11], the method 
does not appear to have been used for the separation and recovery 
of aromatic hydrocarbons from naphthene and paraffin hydrocarbons. 


II. GENERAL DESCRIPTION OF THE METHOD 


The petroleum fraction, a mixture of aromatic, naphthene, and 
paraffin hydrocarbons, is filtered through a column containing more 
than enough solid adsorbent to adsorb all of the aromatic hydro- 
carbons. The filtrate (if any) is (a) an aromatic-free mixture of 
paraffins and naphthenes. In addition to the aromatic hydrocarbons 
(6) which are retained within the column principally by adsorption, 
there are retained some paraffins and naphthenes (c) in the macro- 
scopic interstices of the adsorbent and some which are weakly adsorbed. 

The paraffins and naphthenes (c) are displaced by adding an ap- 
propriate low-boiling hydrocarbon in the liquid state (e. g. n-propane, 
n-butane, or n-pentane). The filtrate from this operation is (d) 4 
mixture of the displaced paraffins and naphthenes together with the 
hydrocarbon used in displacing them. The filtrates (a) and (d) now 
contain the paraffins and naphthenes of the original charge. The 
original naphthenes and paraffins are separated by distillation from 
the low-boiling hydrocarbon in these fractions. 

3 Figures in brackets indicate the literature references at the end of this paper. 


‘See, for example, Chromatographic Adsorption Analysis [2] and the compilation recorded there from 
the work of Kuhn and Winterstein [3], Winterstein and Sclién [4], and Winterstein, Schén, and Vetter (5). 
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The aromatic hydrocarbons on the adsorbent, together with the low- 
boiling hydrocarbon in the column, are displaced by the addition of a 
substance which is more strongly adsorbed than the aromatic hydro- 
carbons. The added substance may be methanol, in which case the 
aromatic hydrocarbons are obtained as a mixture with the low-boiling 
hydrocarbon and methanol. The methanol may be removed by extrac- 
tion with water and the low-boiling paraffin removed by distillation, 
or, if pentane is used, both the methanol and the pentane may be 
removed by distillation, provided the amount of the pentane is more 
than sufficient to remove the methanol as an azeotropic mixture. 

The adsorbent may then be reactivated for the next cycle. 


III. STATEMENT OF PRINCIPLES INVOLVED IN THE 
METHOD 


Certain of the principles involved in the process of adsorption are 
now reasonably well understood /12, 13, 14]. When a solution of an 
aromatic hydrocarbon with a paraffin or a naphthene is filtered through 
a column of solid adsorbent, the first portion of solution comes into 
contact with successive layers of fresh adsorbent and its aromatic 
content is progressively reduced to zero. The first, or top, layer of 
adsorbent comes into contact with successive portions of solution 
having the initial concentration of aromatic hydrocarbons. This 
layer of adsorbent soon reaches a state of equilibrium between the 
aromatic hydrocarbons in the solution of the original concentration 
and the amount of aromatic hydrocarbon adsorbed per unit quantity 
of adsorbent. As the solution moves down the tube, successive layers 
of adsorbent come into contact and into equilibrium with solution of 
the initial concentration. Thus, extending downward from the top 
layer of adsorbent, a zone is formed in which the adsorbed aromatic 
hydrocarbon is in equilibrium with solution of the initial concentration, 
which solution fills the macroscopic interstices of the adsorbent. With 
continued introduction. of solution at the top of the column, this 
equilibrium zone extends farther and farther down the tube, forcing the 
aromatic-free material ahead of it, with (if the filtration is not too 
rapid) a comparatively narrow region between the equilibrium zone 
and the aromatic-free portion. Finally, the equilibrium zone will 
reach the bottom or last layer of adsorbent, and, at this point, solution 
containing the initial concentration of aromatic hydrocarbon will just 
begin to emerge as filtrate from the bottom of the column of adsorbent. 

It is apparent that the treatment of a solution of an aromatic 
hydrocarbon in a paraffin or naphthene in the manner just described 
may yield a portion of the charge as aromatic-free material, but that 
a quantitative separation of paraffin or naphthene hydrocarbons from 
aromatic hydrocarbons is not possible by this process alone. The 
complete separation of a paraffin or naphthene hydrocarbon from an 
aromatic is possible if the ratio of the quantity of charge to adsorbent 
is selected (as described in section V) so that, when the entire charge 
has been introduced into the column of adsorbent, the equilibrium 
zone extends only part way down the adsorbens column. There is 
then introduced into the top of the column the displacing hydrocarbon 
(e. g., n-pentane). When the first portion of this solvent enters the 
first, or top, layer of adsorbent, it dissolves some of the aromatic 
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hydrocarbons. As successive portions pass through the top layer its 
aromatic content is progressively reduced to zero. In the meantime 
the original solution is displaced down the column and comes into 
contact with fresh adsorbent, and consequently the lower edge of the 
equilibrium zone moves downward. The net effect of this process js 
a downward movement of the equilibrium zone, together with a sub. 
stitution of the displacing hydrocarbon for the paraffin or naphthene 
originally in the equilibrium zone. If sufficient adsorbent and dis. 
placing liquid have been used, the original paraffin or naphthene will 
be completely displaced from the column before the equilibrium zone 
— the bottom and before aromatic material appears in the 
filtrate. 


IV. ADSORPTIVE CAPACITY OF VARIOUS ADSORBENTS 
1. SOLUTIONS INVESTIGATED AND METHODS EMPLOYED 


To find the best adsorbent to use in this method of separation, 
experimental determinations were made of the quantity of aromatic 
hydrocarbon adsorbed per unit quantity of adsorbent, for a number of 
different binary solutions of aromatic hydrocarbons with paraffins 
and naphthenes, at several concentrations of the aromatic hydro- 
earbon, and with silica gel, carbon, magnesia, alumina, Filtrol, and 
Florisil as adsorbents. 

With silica gel ° as the adsorbent, data were obtaind for one or more 
concentrations of the following solutions: A, toluene+2,2,4-tri- 
methylpentane; A’, toluene+2,2,4-trimethylpentane; A’, toluene+ 
2,2,4-trimethylpentane; A*, toluene+2,2,4-trimethylpentane; B, 
toluene-+-n-heptane; B’, toluene+n-heptane; B°, toluene-+-n-heptane; 
C, toluene+-n-hexane; D, toluene+methylcyclohexane; E, benzene+ 
n-hexane; F, benzene+-2,2,4-trimethylpentane; G, p-xylene+methyl- 
cyclohexane; H, ‘‘diethylbenzene’’+2,2,4-trimethylpentane; I, iso- 
propylbenzene+n-nonane. 

All the observations for the solutions listed, except for solution 
B°, were made at the prevailing room temperature, which was 
recorded in each case and found to be within the range 23° to 28° C. 
Except in those cases where the letter representing the solution 
is characterized with a superscript, one lot of the regular silica gel, 
sample I-a, (see section IV—5) was used. The data, which are dis- 
played in the form of adsorption isotherms in figures 1 and 2, were 
obtained from filtration experiments on solutions of known concen- 
tration, using 75 g of silica gel, and with a ratio of length to diameter 
of the column of adsorbent about 40 to 1. The volume of aromatic- 
free filtrate, corrected for the small intermediate portion, was deter- 
mined as described previously [11]. The quantity of aromatic 
adsorbed was computed on the assumption that no paraffin or naph- 
thene was adsorbed.* On this basis the quantity of aromatic adsorbed 


5 Tn this paper the term “silica gel,” in any given particle size, when used without qualification, refers to 
material stabilized at the ‘“‘normal” temperature and designated as No. 659528-2000 (28 to 200 mesh) or No. 
659528-420 (28 to 42 mesh), Davison Chemical Corp., Baltimore, Md. In several instances, silica gel 
stabilized at higher than the ‘“‘normal’”’ temperature and designated as No. 859528-2000 (28 to 200 mesh) was 
used and is so indicated. 

6 Actually a small amount of paraffin or napthene is adsorbed and consequently the correct values for the 
amount of aromatic adsorbed will be slightly greater than the values shown in figures 1 and 2. 








"pesn [93 BoIIIs JO SofdumEs JUSIOYTP O44 JO WOrzeUE[dxe 10J 4x9} 80g *MOTYNTOs EY} UT MOGseoOIpAY OTVBTIOIB JO 
TOT}OBIJ GOUT BY} SPATS SUSSTOSGe JO B[BOS eY} PUB ‘yUEqIOSPB JO 3 OT Jed peqsospe WOqIBOOIPAY O]}BWIOIW Jo Se[OU OY} SPAIZ SoZBUIPIO JO e[eOS OY, 


"$uLl9yj08t Uueudiospp—] BUNT 
NOBYVIONGAH SILWWONY 4O NOLLOVYS JIOW NI NOILVYLNSONOD WNINEIINOS 
oso ovo o¢'0 ozo 


magnesia, 





TT T 
HS14015 Yim -- - audsdey-u + euanioy “i'n 


oisauBow yim -- - auojday-u + auanjo; SW 


. 


zon 


Oulmn|D YM - - = sudjday-u+ nti 


JO1d YIM -- - auojday-us auanios ‘h'y 


, alumina, 


, as the adsorbents, and represented, respectively, 


, L, M, K, and N for solutions of toluene and n-heptane, 


YOQIed Ym -- = gUudJday-u+ aUaNjo;'K'S 





‘auouou-u + auazuagAdoudos: ‘$ ‘| 





“quojuadAyjowny - p'2‘z + .2UeZUaGiAysaIp, ‘oH 
“@UDX@YO}IAD|Ayjaw + @uajAx-d‘ a’ 


*auojued|Ayj aus - p'2'Z + euezuag‘ ey 


© 
- 
— 
_ 
_ 
~~ 
— 
= 
— 
i 
2) 
— 
S 
— 
i) 
>} 
N 
DN 
3S 
M 
5 
= 
io) 
om 
— 
= 
— 
2 
n 
— 


The equilibrium concentration is 


se 
oD 
the concentration of the original solution. 


“@UuOxay-uU + dUszZUaq ‘OFZ 


na 





*guoxayojdA2)\Ayjow + auanjo, Yq 


i 


o-I , *auoxay -u + auanjo; ‘é*5 


f Hydrocarbons by Adsorpt 


LOM a-r . Tcstes-eeieenes ‘e.g 





i a “auojday -u + auanjo, ‘e's 


or ,. ‘auojdey-u + euanjo, ‘eg 


Separation o 





m,. *audjuedjAy ows - y'2'Z + euenjoy ‘ow 





- oo *auojuedsAy youn sj- ZZ + euenjo} ‘ow 


O-r . “auoyuedjAyjounsy- ZZ + ouanjo4y ‘o'y 


ODS Yyim ‘euojued|Aysowrsy- p'2°2 + euenjo; ‘oy 


antity which in the or 
endered aromatic-free. 


Dpuo'g'y 





, and Florisil 


y the letters J 





1N36Y¥O0SGV 40 WS OO! Y3d G3EYOSOY NOGYVOOUGAH OiWWOuV 40 S30N 








The results of observations with carbon 


Filtrol 
b 











is that qu 
portion Tr 
in this case 











170 Journal of Research of the National Bureau of Standards 


are also shown in figures 1 and 2. These results were obtain; 
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7 Experiments¥performed in this manner with silica gel as the adsorbent gave results which, though | 
somewhat less precise, were in substantial agreement with those from the filtration experiments. +! ce 
avoid unduly complicating figures 1 and 2 these results are not included. w" 
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9 EFFECT OF TEMPERATURE ON THE AMOUNT OF AROMATIC 
HYDROCARBON ADSORBED 


The effect of temperature on the amount of aromatic hydrocarbon 
adsorbed may be noted by comparing the points B° and B’ in figures 1 
and 2, which refer to experiments performed on the same solution at 
0° C and at 28° C, respectively. The amounts of aromatic hydrocar- 
bon adsorbed per 100 g of silica gel at 0° C and at 28° C are 16.26 and 
14.51 g, respectively, for this solution, which contains 15.23 percent 
by volume of toluene. This is a change of about 0.4 percent per degree 
for this concentration. 


3. VARIATION IN THE COMPOSITION OF THE PARAFFIN AND 
NAPHTHENE HYDROCARBONS IN THE SOLUTION 


When, as in figure 1, the moles of aromatic hydrocarbon adsorbed 
are plotted with respect to the concentration of aromatic hydrocarbon 
in mole fraction, a single curve may be used to represeat the data for 
any of the paraffin hydrocarbons with a given aromatic hydrocarbon. 
Thus, the observations for solutions A, B, and C, which represent 
toluene with 2,2,4-trimethylpentane, n-heptane, and n-hexane, respec- 
tively, fall substantially on a single curve. Also, the observations for 
solutions E and F, representing ‘benzene with 2,2,4-trimethylpentane 
and n-hexane, respectively, fall on a single curve. The observations 
for solutions of toluene with methylcyclohexane fall on a separate 
curve, D, which is somewhat below that for toluene with the paraffin 
hydrocarbons. 

Since, in the separation process, it is convenient to work with 
volumes, the results are plotted in figure 2 in terms of the volume of 
aromatic adsorbed with respect to its concentration in percentage by 
volume. 


4, VARIATION IN THE COMPOSITION OF THE AROMATIC HYDRO- 
CARBONS IN THE SOLUTIONS 


The observations on solutions E, F, G, H, and I involve aromatic 
hydrocarbons other than toluene. When expressed as in figure 1, in 
terms of the moles of aromatic hydrocarbons adsorbed with respect to 
the concentration in mole fraction, the results show that the number of 
moles of aromatic hydrocarbon adsorbed decreases as the molecular 
weight of the aromatic hydrocarbon is increased. When expressed as 
in figure 2, in terms of the volume of aromatic adsorbed with respect 
to the concentration in percentage by volume, the results show that the 
variation in the volume adsorbed, for different aromatics, is compara- 
tively small, and depends to some extent on the structure of the indi- 
vidual aromatic hydrocarbons. 


5. COMPARISON OF VARIOUS ADSORBENTS 


Several lots of silica gel * were used for these observations. Lots 
I-a and I-a’ were stabilized at the normal temperature and were of 
28- to 200- and 28- to 42-mesh size, respectively. Lot I-b, although 
delivered to the laboratory at a later date than was I-a, was from the 





' See footnote 5. 
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same manufactured batch. Lot II was prepared in the same way 
as lots I-a and I-b but was from another manufactured batch. Lp} 
III was of 28- to 200-mesh size but was stabilized at higher than the 
normal temperature. 

The observation on solution B’ was made with lot I-b, and is jp 
accord with the rest of the observations for the B series, which were 
made with lot I-a. The observation for solution A’, which was 
made with lot I-a’, is in accord with the rest of the observations for 
the A series, which were made with lot I-a, and shows that these 
two lots of different particle size have substantially the same adsorp- 
tive capacity. The observations represented by the points A? were 
made with lot II, and the points fall substantially below the curve 
for the rest of the A series, which indicates a lower adsorptive capacity, 
The observation on solution A® was made with lot III. The point 
A? falls well below the curve for the A series, and indicates that the 
adsorptive capacity of the silica gel stabilized at the higher temper. 
ature is less than that of the material stabilized at the normal temper. 
ature. It may be noted, however, that because the apparent den- 
sity of the silica gel stabilized at the normal temperature is less than 
that of the other, the adsorptive capacities, per unit volume, do not 
differ greatly. 

The points J, L, M, K, and N represent the results of observations 
with solutions of toluene in n-heptane when carbon, alumina, mag- 
nesia, Filtrol, and Florisil, respectively, were used as adsorbents.* 

By a comparison of the points J, K, L, M, and N with curve B, it is 
evident that of these adsorbents, and for the systems under investiga- 
tion, only earbon has an adsorptive capacity which approaches that of 
silica gel. However, the apparent density of activated carbon is less 
than that of silica gel, and, on a volume basis, its adsorptive capacity 
is substantially less than that of silica gel. 


V. ESTIMATION OF THE AMOUNT OF SILICA GEL 
REQUIRED FOR A GIVEN LARGE-SCALE SEPARATION 


Before an estimate can be made of the quantity of silica gel required 
to separate a given solution, it is necessary to know the concentration 
of aromatic hydrocarbon and the amount of aromatic hydrocarbon 
absorbed per unit mass of adsorbent from a solution of the given 
concentration. The aromatic content of the solution may be de- 
termined from a preliminary small-scale experiment, in which a por- 
tion is filtered through a standard quantity of silica gel [11]. From 
the volume of aromatic-free filtrate produced in this experiment and 
the concentration of aromatic hydrocarbon in the original solution, 
the amount of aromatic hydrocarbon adsorbed per gram of adsorbent 
can also be determined. 

It is also necessary to determine experimentally the amount of dis- 
placing liquid required to wash the adsorbent completely free from the 
original paraffin-naphthene mixture and carry it into the filtrate (see 
section VIII-1). 

* The identifying characteristics of these adsorbents are: Columbia Activated Carbon, Grade F, size %) 
to 48 mesh, Carbide & Carbon Chemicals Corp., New York, N. Y.; Activated Alumina, Grade A, size 9 
to 300 mesh, Aluminum Ore Co., East St. Louis, Ill.; Adsorptive Powdered Magnesia No. 2641, imapelper 

wder, California Chemical Co., Newark, Calif.; Filtrol (prepared commercial fuller’s earth) X-2)', 

{-162, size 60 to 100 mesh, special lot supplied by G. Calingaert, of the Ethyl] Gasoline Corp., for this e 


eg Florisil (prepared commercial fuller’s earth), analytical adsorbent, 60 to 100 mesh, Floridin Co., 
Warren, Pa, 
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The estimation of the amount of silica gel required for the separation 
of a simple binary mixture of an aromatic and a paraffin hydrocarbon, 
using as a displacing liquid another paraffin hydrocarbon, is made in 
the following manner: As stated in section III, the displacing liquid, 
in addition to substituting itself for the paraffin originally present, 
causes a downward movement of the equilibrium zone. In the ideal 
case involving no mixing of the displacing liquid and the paraffin 
hydrocarbon of the original solution, the column would be divided into 
three zones: a zone at the top containing only the displacing liquid; a 
second zone in which the adsorbed aromatics are in equilibrium with 
those in the displacing liquid; and a third zone containing only the 
original paraffin. The minimum quantity of adsorbent required 
would be that quantity which would just allow the original paraffin to 
pass completely from the column but would not allow any of the liquid 
from the second zone to pass out of the column. If the displacing 
liquid simply forces the solution ahead of it, without any mixing be- 
tween it and the original solution, and if the break between the equi- 
librium zone and the aromatic-free portion ahead of it is infinitely 
sharp, the theoretical minimum quantity of adsorbent is given by the 
equation 


Na NsVa 

y a (1) 
Here nq is the number of moles of aromatic hydrocarbon in the solu- 
tion, Qa is the adsorptive capacity of the adsorbent in moles of aromatic 
hydrocarbon per gram of adsorbent for the given concentration of 
aromatic hydrocarbon, y is the number of grams of adsorbent, n, is 
the number of moles of original solution, and 2, is the mole fraction of 
aromatic hydrocarbon. 

The ideal case just described does not represent the actual situation 
accurately, because in practice there is some mixing between the 
displacing liquid and the original solution. Furthermore, the amount 
of the original paraffin or naphthene that is actually adsorbed must be 
desorbed." For these reasons it is necessary to pass an additional 
amount of the displacing liquid through the column to wash out the 
original paraffin completely and to carry it into the filtrate. 

Bo estimate the total quantity of adsorbent required, the process 
may be regarded as taking place in a series of steps. In the first step, 
the quantity of adsorbent required to adsorb the aromatic hydro- 
carbons from the original solution may be computed. Similarly, 
in each succeeding step there may be computed the quantity of ad- 
sorbent which is necessary to adsorb the aromatic hydrocarbons from 
the displacing liquid required in the preceding step. The quantity 
of adsorbent required in the first step is that given by the following 
equation, which is equation 1 converted to a volume basis: 





oo e (2) 


Here V, is the volume of the solution, c, is the volume fraction of 
aromatic hydrocarbon in the solution, and Q,,. is the adsorptive 
capacity in volume of aromatic hydrocarbon per gram of adsorbent. 





” See footnote 6. 
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If 6 is the volume of displacing liquid required per gram of adsorbep} 

to remove the original paraffin completely from the first step, the 
Vicap 

is the volume of displacing liquid required in the first step. If ¢,' 

the concentration in volume fraction of aromatic hydrocarbon in thy 


displacing solution, 
hate be,’ “,) 
Qra 1— 


is the volume of aromatic bide dadble to be adsorbed. If Q,,’ is the 
adsorptive capacity of the adsorbent for a solution of the concentra. 
tion c,’, the quantity of adsorbent required in the second step is 


GLeAimew) | 


The total quantity of adsorbent required for all steps is 


or Gul! +Ga(im=ar) + Qurb erry tra) aa -]o 


Assuming that c,’=c,”=c,’ .. and that Q,.’=Q."=Q,,.'"= 
., and substituting k for és 1Q,,! , there is obtained 


ele Hele, 
_Vsef  1—¢,’ 
~~ Qra LI—ea’ — kb} 


In determining values to be used for k and b, it is desirable to consider 

separately the case of solutions with greater than 20-percent aromatic 

org from the case of those with less, for the reasons indicated 
elow. 

With pentane as the displacing liquid and with the natural rate of 
flow obtained, using well-packed silica gel of 28 to 200 mesh, the 
aromatic content of the displacing liquid is usually less than about 
15 volume percent for all concentrations of the original solution above 
about 20 volume percent. ‘To be safe, however, c,’ may be taken 
as 0.20 and the corresponding value 0.18 taken for Q,,’, so that 
k=c,'/Qra’ becomes about 1.1. In addition to the simple volume 
displacement of the original solution, the displacing liquid must also 
desorb and substitute itself for any of the original paraffins and 
naphthenes which have been adsorbed. The quantity of displacing 
liquid required for this purpose depends on the equilibrium between 
the displacing liquid and the original paraffin and naphthene, and on 
how closely this equilibrium is approached in the desorption process. 
This in turn depends on the rate of filtration. With pentane as the 
displacing liquid, and with the natural rate of flow obtained with 
well-packed silica gel of 28 to 200 mesh, an allowance of 0.35 to 
0.40 ml of pentane per gram of silica gel usually suffices to remove 
the original paraffins and naphthenes and to carry them into the 
filtrate (see section VIII—-1). That is to say, b may be taken as equal 
to 0.35 ml/g. Substituting the values for k, b, and c¢,’ in equation 
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5 for all solutions with an aromatic content greater than about 20 
yolume percent, the quantity of silica gel required becomes 


y=2G () 


For original solutions containing less than about 20 volume percent 
of aromatic hydrocarbon, the difference between the concentration of 
aromatics in the original solution and in the displacing liquid (n- 
pentane) is much less than for solutions containing more than 
about 20 percent by volume of aromatic hydrocarbon, and in the 
absence of any better method for estimating the concentration of 
aromatic hydrocarbon in the displacing liquid, c’, may be taken as 
equal to cz, and Q’,, may be taken as equal to Q,.. Thus for solutions 
containing less than about 20 volume percent of aromatic hydrocar- 
bons, the required quantity of silica gel is 


Vea I— Ca 
=: (6) 


ae 


It should be emphasized that equations 5 and 6 will give approx- 
imately the quantity of silica gel required only for silica gel of 28 to 
200 mesh, in well-packed columns of comparatively narrow diameter 
(2.5 to 5 cm). With columns of wide diameter the rates of flow at 
various distances from the periphery are likely to differ appreciably. 
Thus the boundaries of the zones will not be substantially normal to 
the walls of the column but may be concave, convex, or irregular in 
shape. A greater quantity of adsorbent will therefore be required. 
For silica gel of larger particle size, with which the rate of flow (when 
not controlled) is rapid, a greater volume of displacing liquid will be 
required, and the concentration of aromatic hydrocarbons in the dis- 
placing liquid may be considerably below the values given in this 
section. 


VI. APPARATUS AND MATERIAL 
1. THE ADSORPTION TUBE 


The only apparatus specifically required for the adsorption method 
is a cylindrical tube of a volume sufficient to hold the quantity of 
adsorbent required for the given separation. The ratios of length 
to diameter of the tubes prepared in this laboratory are generally 
not less than 30 to 1. The adsorption column may be made out of 
any material that will not react with the hydrocarbons or the dis- 
placing or desorbing liquids. Some arrangement for retaining the 
adsorbent within the column must also be provided. In the case of 
the Pyrex glass columns used in this laboratory, the adsorbent is re- 
tamed with a small plug of glass wool fitted into the bottom of the 
adsorption column, which is drawn down and sealed to a tube of smaller 
dimensions. It is desirable to include a stopcock in the small tube 
at the bottom of the column, so that the flow of filtrate may be inter- 
tupted when it is desired to change the receiver. In the filtration 
process, there is a rise in temperature due to the heat of adsorption, 
and it is desirable to prevent loss by evaporation by refrigerating the 
receiver. Precautions should also be taken to prevent loss by evapo- 
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ration at the top of the column, as by venting through a capillary 
tube if the operation is performed at atmospheric pressure. 

If it is desired to reactivate the adsorbent in the columa used for 
the adsorption, the column should preferably be constructed oj 
some metal such as stainless steel. A this case, additional equip. 
ment for maintaiming the column at the desired temperature, fo 
introducing steam and air or an inert gas and for condensing the exces 
desorbing liquid must be provided. 


2. THE ADSORBENT 


Any solid adsorbent which selectively adsorbs aromatic hydrocar-. 
bons may be used. Practically, however, it is-desirable that the 
adsorbent have as large an adsorptive capacity per unit volume as 
possible, in order that the size of the adsorption column may be kept 
ataminimum. For this particular work, silica gel appears to be better 
than the other adsorbents tested (section IV-5). The 28- to 200- and 
the 28- to 42-mesh sizes of silica gel have substantially the same 
adsorptive capacity (section IV—5), but the rate of filtration (unless 
auxiliary control is provided) is many times greater with the silica 
gel of larger particle size. As already mentioned, the more rapid the 
rate of filtration the greater the volume of pentane required, and the 
greater the tendency to produce irregularly shaped zones. For these 
reasons, the 28 to 200 mesh appears preferable for laboratory work, 
whereas for large-scale operation, where time is a major consideration, 
a larger size may be more desirable. 


3. THE DISPLACING LIQUID 


Any paraffin or naphthene hydrocarbon in the liquid phase with a 
boiling point well removed from that of the material under investiga- 
tion may be used to displace the original paraffins and naphthenes. 
With hydrocarbons of the gasoline traction, n-pentane, n-putane, or 
m-propane may be used. When the method is used on a laboratory 
scale, n-pentane is the most convenient displacing liquid. 


4. THE DESORBING LIQUID 


Almost any polar liquid which does not react with the hydrocar- 
bons, the adsorbent, or the material of the adsorption tube may be 
used to desorb the aromatic hydrocarbons. For work on a laboratory 
scale, it is desirable that the desorbing liquid dissolve and carry the 
aromatic hydrocarbons in solution into the filtrate. It is also desir- 
able that the desorbing liquid be completely solublein water and prefer- 
entially less soluble in the hydrocarbon, in order that its removal 
from the hydrocarbon may be readily effected by extraction with 
water. Methanol, acetone, and water have been used as desorbing 
liquids in this laboratory. 

Water readily effects the desorption of aromatic hydrocarbons, 
but they remain entrapped within the macroscopic interstices of the 
adsorbent. In this case, if the aromatics are not too high-boiling, 
they can be removed by the passage of steam. While this procedure 
may have some merit for large scale operation, it is inconvenient for 
laboratory work. Acetone also desorbs aromatic hydrocarbons, but 
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a number of washings with water are required to remove completely 
the acetone from the hydrocarbon portion. 

Methanol is more satisfactory than water or acetone, since it dis- 
solves the aromatic hydrocarbons and since a single extraction with 
water removes it almost completely from the hydrocarbon portion. 


VII. PROCEDURE 


The fraction by volume of aromatic hydrocarbon, c,, and the volume 
of aromatic hydrocarbon, @,,. adsorbed per gram of adsorbent are 
determined for the petroleum fraction or mixture of hydrocarbons to 
be separated. The quantity of adsorbent required for the separation 
of a given volume of solution is then estimated (section 5), and this is 
charged into an adsorption column of the proper size. The mixture 
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VOLUME OF FILTRATE IN LITERS 
FicurE 3.—Results on the quantitative separation of the aromatic hydrocarbons in 
a known mixture of 17 pure hydrocarbons. 


The scale of ordinates gives the refractive indices of the fractions of filtrate, and the scale of abscissas gives 
the total volume of filtrate. 


of hydrocarbons is allowed to filter through the adsorbent, and, as 
soon as the last of this material has entered the top layer of adsorbent, 
n-pentane is added and allowed to filter. It is desirable to use a 
substantial excess of pentane over that quantity which was estimated 
as sufficient to remove all the paraffins and naphthenes and which 
was used to estimate the quantity of silica gel required. As soon as 
the requisite amount of pentane has passed through the top layer of 
adsorbent, methanol is added to the column and allowed to filter. 
Fractions of filtrate are collected and their refractive indices deter- 
mined. In figure 3 the refractive indices of the fractions resulting 
from a typical experiment are plotted with respect to the total volume 
of filtrate. This figure shows the decrease in refractive index from 
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that of the original naphthene-paraffin portion to that of pentane 

then the increase as aromatic a i i appear in the filtrate 

and finally, when all the aromatic hydrocarbons have been removed. 

3 eugene nearly to the refractive index of methanol (see section 
-3). 

If a definite portion with the refractive index of n-pentane is no} 
obtained, the operation is a failure and should be repeated with mor 
pentane, or more silica gel, or both. 

The naphthene-paraffin portion is distilled to remove the n-pentane, 
The aromatic portion is extracted once with water to remove the 
methanol and then distilled to remove n-pentane. If a small amount 
of methanol remains after the extraction, it will be removed as ap 
azeotropic distillate with the n-pentane." 

At the end of an operation, the adsorbent contains only methanol 
and is readily reactivated. This can be done by sweeping out the 
methanol with steam, and following this with a stream of air at 180° 
to 200° C. Or an inert gas may be used to sweep out the methanol, 
and the temperature finally raised to 180° to 200° C while still passing 
the inert gas. 


| een 


laa 


VIII. EXPERIMENTAL STUDY 


1. DETERMINATION OF THE AMOUNT OF PENTANE REQUIRED TO 
REMOVE METHYLCYCLOHEXANE FROM SILICA GEL 


A series of experiments was performed to determine the amount of 
pentane required to remove completely methylcyclohexane from 
columns of silica gel of various dimensions. In these experiments a 
measured volume of methylcyclohexane was poured onto a column 
of silica gel. As soon as all the methylcyclohexane had passed into 
the top layer of the adsorbent, pentane was added. Small fractions 
of filtrate were collected and their volumes and refractive indices 
measured. The total volume of filtrate which passed before the refrac- 
tive index of the filtrate fell to the value of n-pentane was determined, 
and the volume of pentane which passed into the filtrates up to this 
point was computed. The results of this series of experiments are 
shown in table 1. In the first five experiments, which were performed 
with silica gel of 28- to 200-mesh size in columns in which the diam- 
eter varied between 4.27 and 1.03 cm and the ratio of length to 
diameter between 11.7 and 70.2, substantially the same ratio of pen- 
tane to silica gel, namely 0.28 to 0.33 ml per gram, was required. In 
experiments 6 and 7, silica gel of 28- to 42-mesh size was employed and 
a much higher ratio of pentane to silica gel was required, namely 0.60 
to 0.76 ml per gram. The larger quantity required in this case 3 
associated with more rapid filtration. In experiments 8 and 9, a stop- 
cock at the bottom of the column was used to reduce the speed of 
filtration to a small fraction of the free rate. In this case the amount 
of pentane was reduced, and the values 0.35 and 0.48 per ml per gram 
were obtained. Unless the adsorption column has been provided with 
equipment to control the rate of filtration and unless the influence of 
this factor has been evaluated for the apparatus in question, adsorbent 
of 28- to 200-mesh size should be used for laboratory work. 

11 It is interesting to note that methanol displaces a small amount of water from the silica gel in the colum, 


and this causes the appearance of two phases in certain of the filtrate fractions. The fractions indicated with 
asterisks in figure 3 contained two phases. (See also section VIII-3.) 
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TaBLE 1.—Amount of pentane required to remove methylcyclohexane* from silica gel 






































ved, Dimensions of the column Ratio: vol- 
sti , t Particle | Mass of | Volume ume of 
U0 ee oy ae of ae a length pentane fo 
silica ge ge pentane F mass 0 
Length | Diameter | Ratio: diameter | silica gel 
Not 
nore Mesh g ml cm cm ml) 
me eee 28 to 200 31.08 9.00 50 1,03 48.5 | 0.29 +0.03 
| oo ne 28 to 200 65. 10 18,7 50 1, 52 32.9| .20+ .03 
Ane, 6 neat 28 to 200} 170.4 56 50 2.43 2.6 | .33b .03 
the ee aga 28 to 200 |' 485.0 154 50 4.27 11.7] .32 .03 
Pe ete 28 to 200 108. 4 30. 5 99 1,41 70.2 B+ .08 
unt ERTS 28 to 42 29.9 18 50 1.03 48.5 | .60+ .05 
PARSER 28 to 42 62.9 8.3 50 1, 52 32.9 -76+ .05 
1S FS peaammenatiae gs 28 to 42 63.0 22 50 1. 62 32.9] 135+ .03 
2: cn cudlebe 28 to 42 158.8 76 50 2. 43 20.6 -48 4 .03 
anol 
s A sufficient amount of methylcyclohexane was used in each experiment, so that the first portion of the 
the 


filtrate contained only rere exane. 
> In experiments 8 and 9, the rate of filtration was reduced below that of free filtration by means of a stop- 
eck at the bottom of the adsorption column. 
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Sing 2. RECOVERY OF METHYLCYCLOHEXANE-HEPTANE MIXTURE 
FROM SILICA GEL 


A mixture of 365.3 g (505.9 ml), consisting of 47.33 percent by weight 
of n-heptane and 52.67 percent by weight of methylcyclohexane, 
was added to a column containing 2,000 g of silica gel.’* This column 
of silica gel was 120 cm long and 5 cm in diameter. Pentane was 
added after all the heptane-methycyclohexane mixture had passed 
into the top layer of the adsorbent. After 1,125 ml of filtrate had 
been collected, the refractive index of the filtrate had fallen to that 
of n-pentane. (This corresponds to 619 ml of pentane in the filtrate, 
or 0.31 ml of pentane per gram of silica gel.) The pentane was 
separated from the heptane-methylcyclohexane mixture by distil- 
lation in an appropriate column, and the heptane-methylcyclohexane 
mixture siphoned from the still pot into a cold bottle. The still was 
washed with methanol and the heptane-methylcyclohexane recovered 
from the washings by removal of the methanol by extraction with 
water. The total mass of heptane-methylcyclohexane recovered 
was 362.9 g. The loss was 2.4 g, which corresponds to 0.7 percent 
of the original mass. 


3. DETERMINATION OF THE AMOUNT OF METHANOL REQUIRED 


In TO REMOVE TOLUENE AND “DIETHYLBENZENE” FROM SILICA 
and GEL 

60 , : ‘ oni 
Three filtration experiments were performed with 200 g of silica 


gel in a 60-cm column 2.3 cm in diameter. In the first and second 
experiments, 15 ml of “‘diethylbenzene” and 15 ml of toluene, respec- 
tively, were added and allowed to percolate into the gel, and then 
methanol was added. In the third experiment, methanol alone was 
allowed to filter through the adsorbent. The results of these experi- 
ments are shown in figure 4, in which curves I, II, and III refer, 
respectively, to experiments 1, 2, and 3, and in which the refractive 





8 No. 859528-2000, see footnote 5. 
" No. 859528-2000, see footnote 5. 
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indices of the individual filtrate fractions are plotted with respect to 
the volume of filtrate. 

Curves I and II show that after a volume of filtrate of about 3) 
ml was obtained the refractive index of the filtrate fell nearly to the 
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VOLUME OF FILTRATE IN MILLILITERS 


Figure 4.—Results of experiments on the recovery of toluene and 
“diethylbenzene”’ from silica gel. 


The scale of ordinates gives the refractive indices of the frations of filtrate and the scale of abscissas gives 
the total volume of filtrate. Curves I and II refer to experiments in which ‘“‘diethylbenzene” and toluene, 
respectively, were added to the adsorbent column and then methanol was added. Curve III refers toa 
experiment in which only methanol was added. 


refractive index of methanol. The fractions representing that portion 
of the filtrate beyond 30 ml were free from hydrocarbon. The failure 
to reach the refractive index of methanol immediately after the 1 
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moval of the hydrocarbon was found to be due to the continued dis- 
placement of small amounts of water from the silica gel. The presence 
of water was evident in the second fractions from the first two experi- 
ments, in which two phases were observed. In experiment 3, in which 
methanol alone was filtered, the refractive index (np*) of the first 
fraction was 1.3319, which may be compared with the values 1.3266 
and 1.3325 for methanol and water, respectively. In general, fractions 
with refractive indices below about 1.329 are unlikely to contain 
hydrocarbon, but should in any case be tested by extraction with 
water. 
4. RECOVERY OF TOLUENE FROM SILICA GEL 


A weighed amount of toluene (approximately 15 ml) was added 
toa column containing 200 g of silica gel."* After all the toluene had 
passed into the top layer of silica gel, methanol was added. The 
filtrate was allowed to run into a weighed 125-ml separatory funnel 
containing 30 ml of water. After 30 ml of filtrate had collected, the 
total volume of water in the separatory funnel was brought to 85 ml, 
the separatory funnel was shaken and placed in a centrifuge, and 
the mixture centrifuged. The bulk of the aqueous solution was 
drawn off, the mixture again centrifuged, and the remainder of the 
aqueous solution drawn off. In this manner a sharp separation be- 
tween the phases was obtained, and the walls of the separatory funnel 
were entirely free from water globules. The recovered toluene was 
weighed. The results of three such experiments, together with those 
of three blank experiments in which the same volumes of toluene, 
methanol, and water were shaken together in a separatory funnel and 
the toluene recovered and weighed, gave the following results: Loss 
of toluene in both adsorption and recovery, mean of three experiments, 
0.35+0.05 percent by weight; loss of toluene in the blank experiments, 
mean of three experiments, 0.14+0.02 percent by weight; loss of 
ery in the adsorption process alone, mean 0.21+0.05 percent by 
weight. 


5. SEPARATION AND RECOVERY OF A KNOWN MIXTURE OF ARO- 
MATIC HYDROCARBONS FROM A KNOWN MIXTURE OF NAPH- 
THENES AND PARAFFINS 


A mixture of the 17 known hydrocarbons shown in table 2 was 
prepared quantitatively by weight. This mixture (about 2.3 liters 
in volume) was divided into four nearly equal portions, each of which 
was filtered through 4,200 g of silica gel,!® contained in a 250-cm 
column, 5 cm in diameter. This was followed by the addition of 1,800 
nl of n-pentane and then by the addition of methanol. The refractive 
indices of the fractions resulting from the filtration of one of these por- 
tions are shown in figure 3. The naphthene-paraffin portions and the 
aromatic portions from the four experiments were combined to make 
one naphthene-paraffin portion and one aiomatic portion. The pen- 
tane and methanol were removed from each portion as described in 
section VII, and the remainder of each portion was distilled separately 
na column of high separating efficiency. The values of boiling point 
and refractive index of the fractions of distillate as a function of the 





* No, 859528-2000, see footnote 5. 
"No, 859528-2000, see footnote 5. 
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volume and mass showed in each case excellent accord with the know, 
composition of the material.’ An indication of the completeness of 
the separation and of the material lost during the processes of adsorp. 
tion and distillation is given in table 3. 

The percentages of the total product recovered constituted by th: 
aromatic portion and by the naphthene-paraffin portion recovered ar 
35.97 and 64.05, respectively, whereas the corresponding percentage 
representing the composition of the original material are 35.69 an4 
64.31. That is to say, the percentage by weight of the aromatics jy 
the material recovered differs from that in the material charged by 
only 0.3 percent. 


TaBLE 2.—Data on the 17 pure hydrocarbons used in making up the known “tes(' 
mizture 





Boiling Mass 


point 





Paraffin Naphthene Aromatic 





Ethylcylohexane 
Ethylbenzene 


Isopropyl benzene 
ane 
n- 




















TABLE 3.—Results on the quantitative separation and recovery of the aromatic hydro 
carbons in a known mixture of 17 pure hydrocarbons 





Charged Recovered Loss 





Material 
Mass Percentage Mass Percentage Percentage 











g g 
624. 91 35. 69 617.71 
1, 126. 01 64. 31 1, 099. 66 


1, 750. 92 100. 00 1, 717. 37 


























IX. DISCUSSION OF THE SEPARATION OF HYDRO- 
CARBONS BY ADSORPTION 


The method of separating aromatic hydrocarbons from naphthenes 
and paraffins by adsorption has the following desirable features: (t) 
the simple type of the apparatus required; (b) the quantitative nature 
of the separation which can be obtained; and (c) the applicability of 
the method to material of very wide boiling range, such as the entire 
gasoline or kerosine fractions of petroleum. 


8 A report on the analysis of the fractions from this distillation is given elsewhere [15]. 
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The separation of aromatic hydrocarbons from naphthenes and 
paraffins is only one of several separations which, by the choice of 
proper conditions, can be accomplished by the use of the adsorption 
method. Winterstein and coworkers [3, 5] have shown that various 
polynuclear aromatic hydrocarbons may be separated from each 
other. These authors have found that for aromatic hydrocarbons 
consisting of condensed rings arranged linearly those with the greater 
number of rings are the more strongly adsorbed, while for other aro- 
matic hydrocarbons consisting of condensed rings, the arrangement 
of the rings influences the order of their adsorption. Thus they 
found that naphthacene, with four rings per molecule arranged 
linearly, is more strongly adsorbed than 1,2-benzpyrene with oe 
rings per molecule arranged nonlinearly. The presence of olefinic 
linkages also influences the order of adsorption; in general the greater 
the number of olefinic linkages, other things being equal, the more 
strongly the substance is adsorbed [3]. Observations made in this 
laboratory show that monoolefins are selectively adsorbed from naph- 
thenes and paraffins of corresponding molecular weight [7, 11}. The 
results of these investigations may be summarized by the statement 
that, with certain limitations on the type and configuration of the 
aromatic rings, and with the restriction to compounds of approxi- 
mately equal molecular weights, the arrangement of hydrocarbons in 
order of their decreasing adsorbability is as follows: 4-, 3-, 2-, and 
ling aromatic hydrocarbons, diolefins, monoolefins, naphthenes, 
and paraffins. 
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